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Chapter 1 Introduction 
 
1.1. HOMOGENEOUS CATALYSIS  
The manufacture of a vast majority of chemical products that we use in our everyday 
life, ranging from fuels to plastics and drugs, relies on catalytic conversions. The 
development of efficient catalytic processes has allowed many industrial processes to be 
operated with increased efficiency, giving improved yields of the desired products under 
milder conditions than was possible using traditional (stoichiometric) chemistry. For 
example, oil refineries make use of a range of heterogeneous catalytic processes to convert 
crude oil to useful products on a massive scale. These processes include catalytic reforming 
(to increase the octane number), catalytic cracking (to increase the amount of low 
molecular weight products required for gasoline), and hydrotreatment (to remove nitrogen- 
and sulfur-containing compounds that cause environmental concerns).1 Homogeneous 
catalytic processes, i.e. processes in which all reacting partners including the catalyst are in 
the same (liquid) phase, are usually associated with smaller-scale processes due to the 
higher operating costs and difficulties in catalyst recycling. Nevertheless, homogeneous 
catalysis is indispensable for the production of a wide range of fine chemicals both in 
industry and in the laboratory.  
Homogeneous catalysis offers the possibility to study the structure of the catalyst 
precursor (typically an organometallic complex), and follow the intimate details of the 
reaction, for instance by NMR or IR spectroscopy.2 Organometallic complexes that are 
used as catalysts are in general discrete molecules that consist of a metal centre that is 
surrounded by a specific ligand environment. The ancillary ligands play a pivotal role in 
catalysis by modulating the steric and electronic environment around the metal centre. A 
detailed understanding of the mechanism of the catalysed reaction, combined with insight 
in how intermediates and/or transition states in the catalytic cycle are affected by the ligand 
environment allows homogeneous catalytic systems to be optimised in a rational manner.  
As an example, phosphines form a class of ligands that have been studied extensively, 
and found widespread use as ligands in transition metal complexes and catalysts. Their 
electronic (σ-donating and π-accepting) properties have been evaluated by looking at the 
infrared CO stretching frequency in NiL(CO)3,3,4 and this has been extended to other 
experimental and theoretical analyses.5-7 In addition to electronic effects, the steric 
properties of phosphines have a considerable influence on the structure and reactivity of 
their complexes.4,8,9 Generally, the rate and selectivity in reactions that are catalysed by 
transition metal complexes are profoundly influenced by the steric and electronic properties 






Ligands with flexible coordination ability could potentially be useful in homogeneous 
catalysis. These offer the possibility to stabilise a variety of species along the reaction 
coordinate in a catalytic cycle, leading to improved selectivity or even new types of 
reactivity. Different types of flexibility may be envisaged, for instance the (reversible) 
accessibility of multiple binding modes or oxidation states of the ligand.  
For mono(cyclopentadienyl-arene) complexes of titanium, the presence of a potentially 
coordinating arene moiety results in a drastic switch in catalytic behaviour: catalytic 
ethylene trimerisation instead of polymerisation takes place. This thesis deals with early 
transition metal compounds bearing an arene-substituted cyclopentadienyl ligand, and 
describes our efforts to obtain an understanding of how the flexible coordination behaviour 
of the cyclopentadienyl-arene ligand influences the structure and reactivity of its 
complexes.  
 
1.2. OLEFIN OLIGO- AND POLYMERISATION USING EARLY 
TRANSITION METAL CATALYSTS 
1.2.1. Catalytic olefin polymerisation and oligomerisation 
The discovery by Ziegler in 1955 that ethylene could be converted to a high-molecular 
weight polymer under mild conditions using TiCl4/Et2AlCl as a catalyst was a breakthrough 
in polymer chemistry.10,11 Subsequently, Natta found that propylene was polymerised in a 
stereospecific manner using a related catalyst system.12-14 These findings have spurred 
academic and industrial researchers to gain insight in the mechanism of the polymerisation 
reaction. Soon after the first synthesis of group 4 metallocene complexes of general formula 
Cp2MX2 (Cp = cyclopentadienyl; M = Ti, Zr, Hf; X = halide, alkyl),15 several groups have 
investigated the catalytic olefin polymerisation characteristics of these homogeneous 
systems.16-19 Although the activity is relatively low and the polyethylenes obtained with the 
soluble Cp2TiCl2/alkylaluminun catalyst have somewhat different properties than those 
prepared with the Ziegler-Natta system, it was speculated that the polymerisation 
mechanism might be the same for the homogeneous and heterogeneous systems.19 In 1964, 
Cossee and Arlman proposed a mechanism for the Ziegler-Natta polymerisation that 
accounted for the experimental observations and, importantly, introduced a mechanistic 
link between the heterogeneous and homogeneous Ziegler-Natta systems. This now 
generally accepted mechanism involves chain growth by a linear mechanism in which 
ethylene coordinates to a vacant site at the transition metal centre, in a position that is cis to 































= vacant coordination site  
Scheme 1.1. Cossee-Arlman mechanism for olefin oligo- and polymerisation by Ziegler-
Natta catalysts (linear mechanism). 
 
Kaminsky and Sinn found in the 1980s that the polymerisation activity of 
metallocene/alkylaluminum catalysts was dramatically increased in the presence of trace 
amounts of water.20,21 This led to the development of methylaluminoxane (MAO, partially 
hydrolysed AlMe3) as an activator, which is still in use today. The active species in these 
mixtures has been a matter of considerable debate,22 but the characterisation of cationic 
species that are able to initiate ethylene polymerisation has led to a generally accepted view 
that 14-electron cations of the type [Cp2MR]+ are the catalytically active species.23,24 The 
development of new ligand systems has afforded a myriad of early transition metal 
catalysts that allow precise control over the microstructure of the polyolefins produced.25-27 
An alternative to heterogeneous Ziegler-Natta catalysts based on group 4 metals was 
developed at Phillips Petroleum Co. in the 1950s.28 Currently, over one-third of the 
polyethylene that is produced world-wide is manufactured using this Phillips catalyst 
(silica-supported chromium; Cr/SiO2).29,30 The success of this system is due to its versatility 
and simple formulation: the catalyst is able to produce over 50 different types of 
polyethylenes (varying from high-density (HDPE) to linear low-density (LLDPE) 
polyethylenes) without the need for an activator. The nature of the active species in the 
Phillips catalyst is a long-standing matter of debate.30 Although it appears to involve Cr(II) 
surface species (generated by in situ reduction with ethylene, or by pre-treatment with CO), 
the intimate details of the polymerisation reaction are still unclear. Several additives were 
found to modify the catalytic performance and lead to unique properties (e.g., single-site 
behaviour).31-33  
The potential advantage of homogeneous systems in delineating certain mechanistic 
aspects has spurred interest in homogeneous models of the Phillips catalyst and related 
systems.34,35 This has afforded some very active polymerisation catalysts that appear to 
proceed by Ziegler-Natta type olefin insertion into the Cr-alkyl bond,36,37 but also here the 
nature of the active species and its relationship to the heterogeneous systems remains 
uncertain. Additionally, catalyst systems based on the group 5 metal vanadium have been 
investigated as olefin polymerisation catalysts.38,39 The activity of vanadium catalysts, 
however, is generally low due to competing deactivation reactions (reduction to inactive 
low-valent complexes). Nevertheless, because of the high α-olefin incorporation in 





such as EPDM rubbers. Also, high molecular weight polymers with narrow molecular 
weight distributions are accessible with vanadium catalysts.40,41 
A departure from conventional olefin conversion by Ziegler-Natta or Phillips type 
catalysts was found in the late 1970s, when workers at Union Carbide found that certain 
chromium(III) salts produced significant amounts of 1-hexene in addition to polyethylene.42 
Briggs subsequently reported the first chromium-based systems that catalysed selective 
trimerisation of ethylene to 1-hexene.43 The involvement of metalacyclic intermediates in 
the ethylene trimerisation by chromium catalysts was proposed to account for the observed 
selectivity (Scheme 1.2).42,43 Chromium metalacycles were first prepared by Jolly and co-
workers, who reported that decomposition of the metalacycloheptane indeed produces 1-
hexene.44 The increasing demand for linear α-olefins for the manufacture of copolymers, 
detergents, lubricants and plasticisers has drawn considerable attention to systems that 
(selectively) oligomerise ethylene. Since 2003, Chevron Phillips operates a 1-hexene 
production facility in Qatar that makes use of chromium-catalysed ethylene trimerisation.45 
In the last couple of years, significant progress has been made in the field of chromium-
catalysed selective oligomerisation.45,46 Several systems based on Cr(III) with PNP47-50 or 
SNS51-54 ligands have been shown to afford extremely active and selective ethylene 
trimerisation catalysts, and experimental evidence for a mechanism involving metalacyclic 
intermediates has been obtained.55,56 In addition, studies on chain growth in heterogeneous 
and homogeneous chromium ethylene polymerisation catalysts have revealed that this may 
also occur by a similar mechanism, affording large ring metalacycles.57,58 Recently, 
ethylene tetramerisation to 1-octene with up to 88% selectivity has been achieved with 
related systems, a process that is also likely to be occurring through a cyclic mechanism 
























Scheme 1.2. Catalytic cycle for chromium-catalysed ethylene trimerisation, tetramerisation 





1-Octene is in increasing demand as a co-monomer in the solution-phase synthesis of 
LLDPE, and alternative routes to the selective production of 1-octene have been sought. 
The Dow Chemical Company has recently started the on-purpose production of 1-octene 
starting from low cost 1,3-butadiene in a three step process.63 It involves initial 
telomerisation64-66 of 1,3-butadiene with methanol in the presence of a palladium catalyst to 
give 1-methoxy-2,7-octadiene, which is in a subsequent step hydrogenated to 1-
methoxyoctane. Cracking of the 1-methoxyoctane then affords 1-octene and methanol 
(Scheme 1.3). Although the butadiene starting material is cheap and readily available, the 
multi-step nature of the process and the use of an expensive palladium catalyst compare 
unfavourably with the chromium catalysed tri- and tetramerisation discussed above. 
 








Scheme 1.3. Production of 1-octene from 1,3-butadiene. 
 
Despite the apparent similarities between the abovementioned group 4 Ziegler-Natta 
catalysts and group 6 (Cr) Phillips systems in terms of their reactivity towards olefins, until 
recently no group 4 metal catalysts were known to produce a specific α-olefin other than 1-
butene selectively. Oligomerisation of ethylene can be achieved by Ziegler-Natta catalysts 
by controlling the relative rates of olefin insertion and chain transfer reactions during linear 
chain growth. This is usually done by tuning the reaction conditions (temperature, ethylene 
pressure, metal/co-catalyst ratio, etc.), and affords a distribution (Flory-Schulz or Poisson) 
of higher olefins.67 A well-known example of this so-called ‘full range production’ of α-
olefins is the Shell Higher Olefin Process (SHOP) that makes use of a homogeneous nickel 
catalyst to produce a Flory-Schulz distribution of α-olefins.68,69 Using homogeneous 
catalysts, modification of the ligand environment allows the rates of chain propagation and 
termination (and thus product distribution) to be controlled, but this still affords mixtures of 
higher oligomers from which the desired olefin has to be separated, e.g. by distillation. 
Cyclic processes related to those in the chromium systems described above are invoked for 
the selective dimerisation of olefins by tantalum complexes that were developed by 
Schrock and co-workers.70-72 However, insertion of ethylene into the 5-membered 
tantalacyclic intermediates to larger ring systems does not occur to an appreciable extent, 
since homologues higher than C4 are not observed.  
As mentioned above, the notion that electron-deficient cationic metal-alkyl complexes 
are the active species in homogeneous Ziegler-Natta olefin polymerisation catalysts has 
stimulated the development of non-metallocene catalysts. Of special relevance to the work 





CpTiX3 (X = halide, alkyl). Catalyst systems obtained from CpTiX3/MAO were the first 
catalysts to polymerise styrene to the syndiotactic polymer (sPS).73-75 Baird and co-workers 
have studied the formation and polymerisation activity of cationic species derived from 
Cp*TiMe3 (Cp* = η5-C5Me5),76-79 and showed that the highly electron-deficient cation 
[Cp*TiMe2]+ may be stabilised by coordination of arenes.80,81 Ethylene polymerisation 
using Cp*TiMe3/B(C6F5)3 in several solvents has been reported to afford high molecular 
weight, linear polymers. Using slightly different polymerisation conditions, Pellecchia and 
co-workers found that Cp*TiMe3/B(C6F5)3 in toluene reacts with ethylene to give a 
polyethylene containing up to 5% butyl branches.82 The production of what appears to be 
an ethylene/1-hexene copolymer from ethylene alone suggests that ethylene is in situ 
trimerised to 1-hexene, which is subsequently incorporated into the polymer chain. Thus, a 
cyclic ethylene trimerisation mechanism could also be accessible for titanium catalysts.82 
 
1.2.2. Switching a titanium catalyst from ethylene polymerisation to 
trimerisation 
Although the selectivity and activity for trimerisation/tetramerisation of ethylene with 
the chromium systems discussed in the previous section is unprecedented, they present 
some drawbacks. The toxicity of chromium salts requires special handling precautions, and 
therefore a selective ethylene oligomerisation system based on a non-toxic transition metal 
is desirable. In addition, the paramagnetic nature and the possibility of the involvement of 
multiple spin states for chromium catalysts complicates a detailed understanding of the 
reaction mechanism,83 and this has hampered rational improvements to the system. In 2001, 
Sen and co-workers reported an easy-to-prepare tantalum-based ethylene trimerisation 
catalyst (albeit with a low activity), that consists of TaCl5 and an alkylating agent.84 The in 
situ reduction of R2TaCl3 to the tantalum(III) species “TaCl3” is proposed to account for the 
metalacyclic Ta(III)/Ta(V) mechanism,85 which is similar in nature to that for the 
chromium systems described above.  
The observation that the catalyst system Cp*TiMe3/B(C6F5)3 in toluene is partly 
transformed into an ethylene trimerisation catalyst (as discussed above), suggested that a 
related metalacyclic mechanism based on the Ti(II)/Ti(IV) redox couple may be 
operative.82 In 2001 our group reported that monocyclopentadienyl titanium catalysts can 
be switched from ethylene polymerisation to selective ethylene trimerisation by 
introduction of a pendant arene moiety on the cyclopentadienyl ring.86 It appeared that the 
coordination of the pendant arene to the metal centre (termed ansa-Cp-arene coordination, 
in analogy to ansa-metallocenes)87 diverts the catalyst to the Ti(II)/Ti(IV) redox cycle that 
is required for selective trimerisation. From subsequent experimental88 and computational 
studies89-91 the mechanism as shown in Scheme 1.4 has emerged. The first steps to form the 
catalytically active species include (i) formation of a cationic species that is stabilised by 
intramolecular arene coordination (A),92-94 (ii) ethylene insertion to give a methyl n-alkyl 
species (B), and (iii) reduction of the metal centre by β-hydrogen transfer to give a 





molecules (D), which subsequently are oxidatively coupled to give the metalacyclopentane 
species (E). The insertion of another molecule of ethylene affords a much more flexible 7-
membered metalacycle (F), which allows rapid β-hydrogen transfer to give the titanium(II) 
1-hexene adduct (G). Displacement of the coordinated 1-hexene by two molecules of 
ethylene closes the cycle. The selectivity for 1-hexene in this system arises from the fact 
that ethylene insertion into E is much faster than its decomposition (which would produce 
1-butene). Once F is formed, β-hydrogen transfer to form 1-hexene is kinetically more 
facile than insertion of another molecule of ethylene (which would lead to formation of 1-







































Scheme 1.4. Catalytic cycle for ethylene trimerisation by cationic ansa-Cp-arene 
complexes of titanium. 
 
The decomposition of metalacyclic compounds can occur through various pathways, a 
review of which has recently appeared.95 Although a two-step mechanism (β- or γ-H 
elimination followed by reductive elimination) has usually been invoked to account for 
decomposition reactions of LnMR2 species (R = n-alkyl; R2 = metalacycle),96-98 alternative 





hydrogen transfer pathway is indeed calculated to be favoured in the titanium complexes 
described here, and no discrete Ti-H species appear to be involved.89-91  
In the titanium-catalysed ethylene trimerisation cycle (Scheme 1.42), the role of the 
intramolecularly coordinated arene moiety is twofold: it is able to provide steric and 
electronic stabilisation when required, but can (partially) dissociate to allow insertion of 
ethylene into the metalacycle. Thus, it appears that coordination of the pendant arene 
moiety in these catalysts allows reversible switching between Ti(II) and Ti(IV) oxidation 
states. In combination with the hemilabile character of the ansa-Cp-arene coordination it 
enables this kind of catalysis, hitherto unknown for titanium.  
 
1.3. HEMILABILE LIGANDS 
Hemilabile ligands possess a combination of tightly bound and substitutionally labile 
groups, and are of interest as they can (transiently) stabilise intermediate reactive species, 
while still allowing subsequent reactivity.99,100 Pioneering work on such ligands was 
performed in 1974 by Knebel and Angelici, who developed phosphorus-nitrogen bidentate 
ligands. Kinetic and equilibrium studies showed that the reaction of M(CO)4(P-N) (M = Cr, 
Mo, W; P-N = Ph2P(CH2)nNR2; n = 2, 3; R = H, Me, Et) with CO is dependent on the rate 
of N-donor dissociation (Scheme 1.5).101,102 Subsequently, Rauchfuss and co-workers 
reported metal complexes with chelating amine- and ether-substituted phosphines in which 
the more weakly coordinating O-donor is displaced by CO.103 It was, however, not until 
1979 that the term hemilabile was coined by Jeffrey and Rauchfuss to describe the dynamic 
























Scheme 1.5. Hemilabile coordination of a chelating phosphine-amine ligand.  
 
Most hemilabile ligands are multidentates that feature one pendant Lewis base moiety 
that is less strongly binding than the others, and that can readily and reversibly dissociate. 
Phosphine ligands that contain additional labile donors, such as O- or N-based 
functionalities, have received most attention.105-110 Another prominent class of hemilabile 
ligands is formed by donor-functionalised cyclopentadienyl ligands, bearing pendant P, As, 
S111 or O groups112 that interact weakly with the metal centre; transition metal complexes of 
these are known across the periodic table. Ligands that combine an amido group with 





been shown to support unique reactivity of their early transition metal complexes by virtue 
of the hemilabile character.113 Arene-substituted phosphine ligands, in which the pendant 
arene functions as weakly coordinating group are also known,114-116 and studies on arene 
exchange (hemilability) in such compounds have been reported.117-119 The combination of a 
monoanionic anchoring group with a pendant arene as labile moiety is less common,120 but 
aryloxide ligands that contain aromatic substituents on the 2,6-positions of the central 
phenoxide ring have been shown to coordinate to low-valent group 6 metals in a chelating 
(O,η6-arene) mode.121-124 A comprehensive review on the synthesis and properties of 
transition metal complexes of tethered arenes has recently appeared.125 However, virtually 
all such systems reported to date involve late transition metal centres that have d-electrons 
available for π-backdonation to the arene, and related early transition metal complexes 
(which favour high oxidation states) are scarce.126  
Although many complexes with potentially hemilabile ligands have been reported, 
studies that aim at a detailed understanding of how these ligands modulate the catalytic 
activity of their transition metal complexes remain scarce. The evaluation of kinetic effects 
that arise from hemilabile coordination has recently attracted some attention as a means to 
obtain a better understanding of hemilabile behaviour.127 Although the kinetic information 
gleaned from stoichiometric reactions provides useful information, it is less clear how this 
relates to multi-step catalytic processes. Indeed, the various intermediates and transition 
states in a catalytic cycle and their different affinities for the labile moiety of a hemilabile 
ligand are not easily studied experimentally. 
As stated above, the ability of hemilabile ligands to stabilise reactive intermediates has 
the potential advantage of increased catalyst longevity by preventing decomposition 
reactions. For example, Buchwald and co-workers reported that palladium-catalysed 
amination of aryl chlorides, bromides and triflates works well when ligands of the type (o-
biphenyl)PR2 (R = tBu, Cy) are used, and speculated on the existence of a stabilising metal-
arene interaction.128 Palladium complexes with similar ligands were shown to be very 
efficient catalysts for Suzuki cross-coupling reaction, and the occurrence of metal-arene 
interactions in these systems has been corroborated by crystallographic and computational 
studies.129-132 Related metal-arene interactions were also found in complexes with carbene 
ligands.133-135 In addition, similar catalytic reactions using palladium in combination with a 
hemilabile benzamide-derived P,O ligand proceed with remarkable productivity, 
presumably due to an increased catalyst lifetime.136,137 Weller and co-workers recently 
described a system that efficiently catalyses the intermolecular hydroacylation of alkenes 
using β-S substituted aldehydes.109 For unfunctionalised alkenes, decarbonylation of the 
intermediate metal-acyl species is a competitive decomposition pathway. By using a 
hemilabile P-O-P ligand, decarbonylation is sufficiently retarded so that productive 

















































E = O, CH2
E = O; slow
E = CH2; fast
 
Scheme 1.6. Rhodium-catalysed hydroacylation using a hemilabile P-O-P ligand that 
prevents decarbonylation.   
 
1.4. REDOX-ACTIVE LIGANDS 
The titanium catalysed ethylene trimerisation described above requires the operation of a 
redox mechanism that shuttles the catalyst between Ti(II) and Ti(IV) oxidation states. 
Reversible 2-electron redox processes, in particular reductive elimination reactions, are rare 
for the early transition metals (and certainly in catalytic processes) since the high-valent 
state is usually thermodynamically much more stable. Therefore, classical C-C bond 
forming processes mediated by group 4 metals (e.g., Ziegler-Natta type polymerisation) 
occur without changes of the oxidation state at the metal centre. In contrast, many bond 
forming reactions catalysed by late transition metals rely on a reductive elimination step to 
complete the catalytic cycle.138-141 As an example, palladium-catalysed coupling reactions 
of organostannanes with organic electrophiles (the Stille reaction) form an important 
method for constructing C-C bonds. The three key steps in this transformation are (i) 

























Scheme 1.7. Catalytic cycle of the Stille reaction. 
 
Catalytic conversions by non-noble metals that rely on 2-electron redox processes remain 
scarce to date. The high cost of noble metals and the environmental concerns caused by 
many other late transition metals (e.g., cobalt, nickel, copper) has led to increased interest 
in alternative transition metals that are able to maintain 2-electron redox cycles. Particular 
emphasis has been placed on iron complexes as affordable and benign systems for 
performing a variety of catalytic conversions, including ones requiring oxidative addition / 
reductive elimination sequences. For example, ‘low-valent’ complexes are implicated in 
iron-catalysed cross-coupling,142-144 hydrogenation,145,146 cycloisomerisation of 


















Scheme 1.8. Iron-catalysed [2+2] cycloaddition, facilitated by a redox-active bis(imino)-
pyridine (PDI) ligand. 
 
For the [2+2] cycloaddition of α,ω-dienes mediated by bis(imino)pyridine iron 
complexes, the low-valent character of intermediates in the catalytic cycle is masked by the 
redox-active ligand, thereby preventing the formation of Fe(0) while still allowing 





(or non-innocent) ligands in catalysis. Although the main focus of research into non-
innocent has mostly been on the (electronic) structure of their metal complexes,151 this type 
of ligands may also be useful in catalysis by stabilising metal centres in unusual (formal) 
oxidation states. 
Some examples of reductive eliminations from early transition metal centres are known. 
For the group 4 metal zirconium, R-H elimination from alkyl hydrido and aryl hydrido 
zirconocenes occurs by ‘cyclometalation assisted’ and direct reductive elimination 
pathways, respectively.152,153 Recently, ligands that are able to function as an electron 
reservoir have received considerable attention as a means to support unusual redox 
chemistry for early transition metals.154-157 By using this strategy, Heyduk and co-workers 
were able to effect the direct reductive elimination of biphenyl from a group 4 metal 
complex bearing redox-active amidophenolate ligands (Scheme 1.9).155 A zirconium 
complex with a related ligand catalyses the disproportionation of 1,2-diphenylhydrazine to 
azobenzene and aniline.158 Also here, the required 2-electron redox changes at the 































Scheme 1.9. Reductive elimination of biphenyl from a zirconium complex. 
 
1.5. OBJECTIVE 
The apparent ability of the Cp-arene ligand to sustain the 2-electron redox switching 
necessary for titanium catalysed ethylene trimerisation has prompted us to investigate 
experimentally the coordination behaviour of the pendant arene moiety in systems that 
model the various intermediates in the catalytic cycle. We thus set out to prepare ansa-Cp-
arene coordinated titanium cations with the metal centre both in the +4 and +2 oxidation 
state, and characterise the metal-arene interaction in these systems by crystallographic and 
spectroscopic means. Specifically, we were interested in the influence of ligand 
modifications on the ansa-Cp-arene coordination, and how this relates to ethylene 
trimerisation catalysis by these complexes.  
The versatile coordination behaviour of Cp-arene ligands supports unique reactivity for 
cationic titanium complexes, and this could potentially be extended to other transition 
metals as well. In particular, the use of an intramolecularly coordinating arene group may 
present a strategy to add stability to low and intermediate valencies of early transition 
metals without the use of classic strong π-acceptor ligands. This possibility is evaluated for 





1.6. OVERVIEW OF THE THESIS 
The chemistry described in this thesis is focussed on obtaining a better understanding of 
the versatile coordination behaviour of cyclopentadienyl-arene ligands and the way it 
allows stabilisation of (cationic) early transition metal complexes. In Chapter 2, the 
synthesis and characterisation of a series of titanium(IV) complexes with Cp-arene ligands 
will be presented. X-ray crystallographic studies on cationic derivatives thereof provide 
structural evidence that intramolecular coordination of the neutral arene moieties occurs 
(ansa-Cp-arene coordination) to alleviate steric and electronic unsaturation at the metal 
centre. This coordination mode is markedly affected by changes in the ligand structure, 
most prominently by the length of the bridge connecting the cylopentadienyl and arene 
parts.  
Chapter 3 aims to provide quantitative information on the strength of the interaction 
between the pendant arene moiety and the cationic metal centre in complexes of 
titanium(IV), and delineate how this interaction strength may be modulated by changes in 
the ligand architecture. These data are correlated to the activity of these complexes in 
ethylene trimerisation catalysis. It shows that stronger arene coordination results in 
diminished catalytic activity, but this may be offset by an increase in stability. The 
experimental results are substantiated by a computational study. 
In Chapter 4, the synthesis of ansa-Cp-arene titanium(II) dicarbonyl cations is 
described. These serve as model systems for the low-valent intermediates in the ethylene 
trimerisation cycle. The X-ray crystal structure of such a titanium(II) cation shows that the 
pendant arene moiety stabilises this unusual species by virtue of its ability to function as an 
electron reservoir. The intramolecular arene coordination thus leads to considerable 
titanium(IV)/reduced arene character. The influence of ligand modifications is evaluated by 
infrared spectroscopy and DFT calculations. 
In order to extend the concept of stabilising reactive species by intramolecular arene 
coordination with ansa-Cp-arene ligands to metals other than titanium, Chapter 5 deals 
with the preparation of tantalum(V) complexes bearing this ligand. Neutral or ionic 
complexes of tantalum(V) are reluctant to coordinate the Cp-arene ligand in a manner 
analogous to the titanium complexes described before, in part due to the increased 
coordination number for the group 5 metal tantalum. However, ortho-metalation of the 
pendant arene takes place by a series of β-hydrogen transfer reactions when n-alkyl ligands 
(ethyl, propyl) are attached to the metal centre. Significantly, the metalation of the arene 
ring is readily reversible. 
In Chapter 6, we describe protonation reactions of neutral tantalum olefin adducts that 
have an ortho-metalated η5-cyclopentadienyl-η1-aryl ligand. This reaction results in the 
formation of cationic tantalum(III) complexes that are stabilised by ansa-η5-
cyclopentadienyl-η6-arene coordination, similar to that observed for titanium. Also here, the 
low-valent character of these tantalum(III) species is moderated by (partial) reduction of the 





Chapter 7 addresses the reactivity of the ansa-Cp-arene tantalum(III) compounds. 
Conversion of the singly charged species to both neutral and dicationic complexes is 
described, both of which retain the ansa-coordination mode of the ligand. Although these 
compounds exhibit spectroscopic and structural characteristics that indicate considerable 
Ta(V) character due to π-backdonation into the arene, oxidative addition with liberation of 
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Chapter 2 Crystal structures of cationic 
ansa-Cp-arene complexes of titanium 
 
The ethylene conversion catalysed by cationic half-sandwich (monocyclopentadienyl) 
complexes of titanium is crucially dependent on the nature of substituents on the 
cyclopentadienyl ligand. As outlined in Chapter 1, the presence of a pendant arene moiety 
switches such systems from ethylene polymerisation to trimerisation catalysts, presumably 
induced by the coordination of the pendant arene group to the cationic metal centre. 
Coordination of arenes to d0 metal centres is rare, due to the lack of stabilising d→π* 
backbonding interactions. A few examples of crystallographically characterised d0 metal 
arene adducts of the group 4 metals have been reported in the literature, most of which have 
a cationic metal centre. Representative examples (Chart 2.1) include 
[Zr(CH2Ph)3][PhCH2B(C6F5)3] (A),1 in which the benzyl group of the anion is η6-bound to 
the zirconium centre, [Cp*Zr(CH2Ph)2][PhCH2B(C6F5)3] (B),2 with one of the benzyl 
ligands bound with the six carbon atoms of the aromatic π-system, and 
[Cp’HfMe2(toluene)][MeB(C6F5)3] (Cp’ = C5Me5,3 C5H3(SiMe3)2;4 C), in which a toluene 












To gain insight in the nature of the metal-arene interaction and its relevance to titanium 
catalysed ethylene trimerisation, we set out to structurally characterise cationic Cp-arene 
complexes of titanium(IV) that feature coordination of the pendant arene moiety to the 
metal centre. The complexes described in this chapter serve as model systems for the high-







2.1. SYNTHESIS OF CP-ARENE COMPLEXES OF TITANIUM 
2.1.1. Neutral titanium complexes with Cp-arene ligands 
Synthesis of half-sandwich titanium trichloride compounds with monosubstituted 
cyclopentadienyl ligands is most conveniently achieved by a SiMe3Cl elimination reaction 
between TiCl4 and a SiMe3-substituted cyclopentadiene.5 For the Cp-arene titanium 
complexes that were used in the present study we thus required cyclopentadienes bearing a 
pendant arene group as well as a SiMe3 substituent. The synthetic procedure leading to 
these compounds is outlined in Scheme 2.1 and 2.2. Cyclopentadienyl lithium salts that 
feature a CMe2 bridge between the cyclopentadienyl and arene moieties are prepared by the 
addition of aryl lithium across the exocyclic double bond of 6,6-dimethylfulvene (Scheme 
2.1, route A), while the same procedure using (substituted) benzyl lithium compounds as 
their TMEDA adducts affords arene-substituted cyclopentadienyls with a CH2CMe2 spacer 
(route B). Ligands with a CH2 group as briding unit between cyclopentadienyl and arene 
parts are available by a salt metathesis reaction between NaCp and (substituted) 
benzylbromides in liquid ammonia (route C).6,7  
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Scheme 2.1. Synthesis of arene-substituted cyclopentadienyl lithium salts. 
 
The quenching of these cyclopentadienyl-arene lithium salts with SiMe3Cl affords the 
desired SiMe3-substituted cyclopentadienes, which can be used immediately or purified by 
Kugelrohr distillation. Elaboration by deprotonation with nBuLi and again quenching with 
SiMe3Cl gives bis(trimethylsilyl)-substituted cyclopentadienes upon workup (Scheme 2.2) 
that are used to generate half-sandwich titanium complexes containing an additional SiMe3-
substituent on the cyclopentadienyl ring (Scheme 2.3). 



















Scheme 2.2. Synthesis of SiMe3-substituted cyclopentadienes. 
 
Treatment of the appropriate trimethylsilyl-cyclopentadiene with TiCl4 in CH2Cl2 at low 
temperature and subsequent stirring overnight at room temperature resulted in red/brown 
reaction mixtures, from which the desired half-sandwich titanium trichlorides [Ar-Z-η5-
C5H3R]TiCl3 (1a-1h) were isolated upon extraction with and crystallisation from hexane 
(Scheme 2.3). Half-sandwich titanium trichloride complexes of titanium have been 
extensively studied in the past mainly as catalysts for ethylene,8,9 propylene,8,10 diene,11,12 or 
styrene polymerisation,13-16 including ones bearing a pendant arene group on the 
cyclopentadienyl ligand.7,17-22 Their spectroscopic and structural features are well-known, 
and the complexes described here are unremarkable in this respect. Conversion to the 
trimethyl analogues [Ar-Z-η5-C5H3R]TiMe3 (2a-2h) was readily achieved by the reaction of 
1a-h with ca. 3.1 equiv of MeMgCl in Et2O. The SiMe3-substituted complexes 2d-2h are 
isolated as slightly greenish oily products that could not be induced to crystallise, but the 
reactions are very clean and in all cases spectroscopically pure material is obtained in 

























































Scheme 2.3. Synthesis of neutral trichloride (1a-1h) and trimethyl (2a-2h) complexes of 









2.1.2. Cationic titanium(IV) complexes with Cp-arene ligands 
The treatment of neutral trimethyl titanium compounds 2a-2h on NMR tube scale with 
1.05 equiv of the strong Lewis acid [Ph3C][B(C6F5)4] in C6D5Br at -30 ºC gives dark orange 
solutions of the ionic compounds {[η6-Ar-Z-η5-C5H3R]TiMe2}[B(C6F5)4] (3a-3h) (Scheme 
2.4).18,19 According to 1H NMR spectroscopy, the conversion to the dimethyl cations is 
quantitative, with concomitant liberation of Ph3CMe. Alternatively, in most cases these 
cations may be obtained by reaction of the neutral precursors with the Brønsted acid 
[PhNMe2H][B(C6F5)4]. An exception to this is cation 3d: the reaction of 2d with 
[PhNMe2H][B(C6F5)4] in C6D5Br at -30 °C leads to full conversion of the starting materials 
but does not give the desired ionic species 3d. Performing the reaction at -50 °C in CD2Cl2 
does not form 3d either, and the Me2N-resonances of the PhNMe2 co-product are shifted 
significantly downfield (δ 3.64 ppm) compared to free PhNMe2 in the same solvent (δ 2.96 
ppm). Cation 3d is cleanly generated from 2d and [Ph3C][B(C6F5)4] in cold CD2Cl2 (-50 
°C) or C6D5Br (-30 °C). These observations seem to suggest that for this particular ligand 
system (with the most weakly coordinating pendant arene moiety, see chapter 3), 























Scheme 2.4. Synthesis of cationic ansa-Cp-arene complexes of titanium(IV). 
 
The chemical shift difference between the Cp resonances increases on going from the 
trimethyl complexes 2a-h to the cationic compounds 3a-h, a feature that has been taken as 
an indication of strained ansa-Cp-arene coordination.23 Consistently, this difference in 
chemical shift for the cations with a C2 bridge (e.g. ∆δ = 1.14 ppm for 3c) is smaller than in 
the complexes with a C1 bridge (∆δ = 1.59 ppm for 3b). Although the NMR spectroscopic 
evidence is indicative of ansa-Cp-arene coordination, arene complexes of d0 metal centres 
are rare, and structurally characterised ansa-Cp-arene coordination has only been reported 
for the d1, Ti(III) dimer {[η6-Ar-CMe2-η5-C5H4]Ti(µ-Br)+}2.19 We have therefore sought 
ways to obtain X-ray quality crystals of 3a-3h in order to substantiate the assignment of 
these compounds as ansa-Cp-arene coordinated titanium(IV) complexes.  
 




2.2. CRYSTALLOGRAPHIC CHARACTERISATION OF ANSA-CP-ARENE 
COORDINATION IN CATIONIC COMPLEXES OF TITANIUM(IV) 
Given the ability of PhNMe2 to compete for coordination to the metal centre, we resorted 
to the Lewis acid [Ph3C][B(C6F6)4] to generate the ansa-Cp-arene ligated ionic species in 
preparative scale reaction from the neutral trimethyl precursors (the co-product Ph3CMe did 
not interfere in any of the reactions we studied). Slow interdiffusion of layered concentrated 
bromobenzene solutions of both reactants at -30 ºC results in precipitation of orange 
crystals of 3a-3c in good isolated yields (~ 60% for 3a/b, 96% for 3c). The solubility of the 
SiMe3-substituted compounds is significantly higher, but crystalline 3f was obtained after 
diffusion of cyclohexane into the bromobenzene solution (78%). Single-crystal X-ray 
diffraction analysis yields the molecular structures shown in Figure 2.1, with pertinent 
interatomic distances and bond angles in Table 2.1. Unfortunately, for 3a the similarity in 
size of the C5 (Cp) and C6 (Ph) rings results in non-preferential packing and the ensuing 
disorder does not permit a detailed description of the structure. Nevertheless, the data are of 
sufficient quality to allow the connectivity to be determined, and the overall geometry is 
similar to that of 3b (a ball-and-stick representation is shown in Figure 2.2). 
 
 
Figure 2.1. Molecular structures of 3b, 3c (one of the two independent molecules) and 3f 
showing 50% probability ellipsoids. The B(C6F5)4 anion and hydrogen atoms are omitted 
for clarity.  
 
The structure determinations confirm the ansa-Cp-arene ligation in these cationic 
complexes. The cationic part shows a close resemblance to the neutral ansa-titanocene 
analogue Me2C(C5H4)2TiMe2,24 with the arene (C6) ring replacing one of the anionic 
cyclopentadienyl (C5) ligands (Figure 2.2). Structural and reactivity effects upon 
introduction of a bridge between the cyclopentadienyl ligands of a metallocene have been 
widely explored, and several recent reviews are available.25-28 Key structural parameters of 
the ansa-coordination, and a side view of the (truncated) structure of 3b and 3c are 
illustrated in Figures 2.2 and 2.3, respectively. The Cp(centroid)-Ti-Ar(centroid) angle of 





the ansa-titanocene complex Me2C(C5H4)2TiMe2 (Cp-Ti-Cp = 120.9°; α = 64.9°).24 The 
angle between the Ti-Cp(centroid) vector and the ring normal (Cp tilt angle, τCp)28 is 0.81° 
in 3b, whereas the corresponding tilt angle for the arene ring (τAr) is 9.91°. These values 
indicate significantly more flexibility in the bonding of the neutral arene moiety to the 
metal centre compared to the anionic cyclopentadienyl ring, and suggest slippage to η3-like 
arene coordination. This slippage is reflected in relatively short bonds between Ti and the 
ipso- and ortho-carbons of the coordinated arene (2.459(4)-2.559(3) Å) compared to those 
for the meta- and para-carbons (2.746(4)-2.830(4) Å), the difference between longest and 
shortest ∆(dTi-C)Ar being 0.371 Å. Nevertheless, the planarity of the arene moiety is 
preserved, with a maximum deviation from the least-squares plane of 0.011(4) Å for 
C(113). These metrical parameters are similar to those observed in the dimeric Ti(III) 
cation {[η6-Ar-CMe2-η5-C5H4]Ti(µ-Br)+}2,19 although Ti-C(arene) distances in 3b are on 
average ~0.08 Å longer. Unbridged cationic analogues of 3b are known for the group 4 
triad in the form of (η5-Cp’)(η6-arene)MMe2+, and X-ray structures are available for the 
hafnium congener (arene = toluene; Cp’ = C5Me5,3 1,3-C5H3(SiMe3)24). These have a much 
smaller distribution in metal-C(arene) bond lengths (∆(dTi-C)Ar = 0.098 Å) and larger 
Cp(centroid)-M-Ar(centroid) angle of ~134°, as expected in the absence of bridge-induced 
strain. 
 
            
Figure 2.2. Structure of the ansa-metallocene Me2C(C5H4)2TiMe2 (left, reproduced from 
CSD refcode JUDDIV), the ansa-Cp-arene cation 3a (middle), and schematic 
representation of ansa-Cp-arene coordination, with definition of angles α, τ and φ (right). 
 
The C2 bridged cation 3c crystallises with two independent molecules in the unit cell. 
The metrical parameters for these are similar, and only one of them will be discussed. The 
C2 bridge enforces a skewed ansa-Cp-arene coordination (Figure 2.3). This results in 
somewhat disparate distances for the two Ti-Cortho and Ti-Cmeta bonds (Table 1). The Ti-
Ar(centroid) distance of 2.179(2) Å is significantly shorter, and the largest difference in Ti-
Carene bond distances (∆(dTi-C)Ar = 0.163 Å) is much smaller than in 3b (2.2555(15) Å and 
0.371 Å, respectively), consistent with η6-arene coordination. The Cp(centroid)-Ti-
Ar(centroid) angle of 130.88(10)° in 3c approaches that of neutral (Cp2TiCl2: 131°)29 or 
cationic (Cp’(toluene)HfMe2+: 134°)3,4 systems without bridging atom between 
cyclopentadienyl and arene ligands. The length of the bridge connecting the 
cyclopentadienyl and arene fragments thus has a substantial effect on the strain in the ansa-




Cp-arene coordination. The reduced strain in 3c is additionally reflected by the small angle 
(φ) between the Cbridge-Cipso vector and the least-squares plane for both the C5 (0.1(3)º) and 
C6 (3.7(3)º) rings, compared to the corresponding values in 3b (15.3(3) and 14.5(2)º, 
respectively).  
A comparison of 3b and 3f shows that introduction of a SiMe3-substituent on the 
cyclopentadienyl ring (3f) results in a slightly more tilted cyclopentadienyl ring, due to the 
steric pressure exerted by the SiMe3 group. As a result, the Ti-C(arene) distances in 3f are 
slightly shorter than in 3b, and more evenly distributed with ∆(dTi-C)Ar = 0.313 Å. 
 
 
       
 
       
Figure 2.3. Side and top view of the C1 (3b, top) and C2 bridged (3c, bottom) ansa-Cp-
arene titanium(IV) cations (dark grey: cyclopentadienyl; white: arene; bridge and arene 






Table 2.1. Selected bond distances (Å) and angles (º) for 3b, 3c and 3f. 
 3b (n=0) 3c (n=1) 3f (n=0) 
Ti(1)–C(117+n) 2.128(5) 2.146(6) 2.129(5) 
Ti(1)–C(118+n) 2.124(6) 2.134(6) 2.134(5) 
Ti(1)–Cg(Cp) 2.0334(19) 2.042(3) 2.0435(18) 
Ti(1)–C(11) 2.355(4) 2.369(6) 2.350(4) 
Ti(1)–C(12) 2.379(5) 2.346(6) 2.413(4) 
Ti(1)–C(13) 2.358(5) 2.372(6) 2.390(4) 
Ti(1)–C(14) 2.347(4) 2.376(5) 2.351(4) 
Ti(1)–C(15) 2.353(4) 2.386(5) 2.350(4) 
Ti(1)–Cg(Ar) 2.2555(15) 2.179(2) 2.2102(18) 
Ti(1)–C(19+n) 2.459(4) 2.533(5) 2.447(4) 
Ti(1)–C(110+n) 2.521(4) 2.590(5) 2.553(4) 
Ti(1)–C(111+n) 2.746(4) 2.668(5) 2.734(4) 
Ti(1)–C(112+n) 2.830(4) 2.626(5) 2.760(4) 
Ti(1)–C(113+n) 2.790(3) 2.612(5) 2.695(4) 
Ti(1)–C(114+n) 2.559(3) 2.505(5) 2.494(4) 
∆(dTi-C)Cpa 0.032 0.040 0.063 
∆(dTi-C)Ara 0.371 0.163 0.313 
C(15)-C(16)-C(19) 97.0(3)  96.8(3) 
Cg(Cp)–Ti(1)–Cg(Ar) 123.24(7) 130.88(10) 123.43(7) 
αb 67.4(2) 51.8(3) 66.58(19) 
φCpc 15.3(3) 0.1(3) 14.1(2) 
φArc 14.5(2) 3.7(3) 16.4(2) 
τCpd 0.80(19) 0.9(2) 1.78(16) 
τArd 9.93(13) 3.69(18) 8.27(12) 
a ∆(dTi-C)Cp / ∆(dTi-C)Ar is the largest difference in Ti-C(arene) / Ti-C(cyclopentadienyl) distances, 
respectively. b α is the interplanar angle between the least-squares planes of the cyclopentadienyl and 
arene rings. c φCp / φAr is the angle between the Cipso-Cbridge vector and the least-squares planes of the 
cyclopentadienyl / arene rings, respectively. d τCp / τAr is the angle between the Ti(1)-Cg(Cp) / Ti(1)-
Cg(Ar) vector, respectively, and the ring normal. 
 




2.3. CRYSTALLOGRAPHIC CHARACTERISATION OF ANSA-CP-ARENE 
COORDINATION IN CATIONIC COMPLEXES OF TITANIUM(III) 
The C1 bridged ansa-Cp-arene ligated titanium dimethyl cations described in the 
previous sections are not stable in solution, and decompose in the course of days at room 
temperature. A decomposition product of {[η6-Ar-CMe2-η5-C5H4]TiMe2}[MeB(C6F5)3] 
(generated from 2b and B(C6F5)3 in bromobenzene solution) has been published and was 
identified by X-ray crystallography as the Ti(III) dicationic dimer {[η6-Ar-CMe2-η5-
C5H4]Ti(µ-Br)}2[B(C6F5)4]2 (4b).19 The authors describe that formation of 4b from the 
reaction of 2b and B(C6F5)3 is faster in the presence of an additional equivalent of B(C6F5)3, 
and in that case scrambling of Ti-Me and B-C6F5 groups is evidenced by the formation of 
MeB(C6F5)2 and a Ti-C6F5 species. The final product 4b arises from a reduction of the 
metal centre and solvent C-Br activation, but the precise pathway is unclear.19 Attempted 
crystallisation of 3b by interdiffusion of bromobenzene solutions of 2b and 
[Ph3C][B(C6F5)4] at room temperature also afforded crystals of 4b (Scheme 2.5). X-ray 
analysis shows these crystals to be different than reported previously19 based on the lattice 
parameters, and the structure was solved. The solution shows it to be 4b, but, in contrast to 
the X-ray structure reported previously, with a bromobenzene solvate molecule in the unit 
cell. The asymmetric unit contains two independent cations, which are slightly different 
from each other (pertinent interatomic distances and bond angles in Table 2.2). The largest 
difference between the two residues is found in the Ti2Br2 core and Ti-C(Ar) distances, but 
on average the structural features are similar to those reported for the pseudopolymorphous 
crystals of 4b without solvent molecule.19 Neutral metallocene analogues to 4b of the type 
[Cp’2Ti(µ-X)]2 (X = Cl, Br) are also known, and the crystal structure of [(MeC5H4)2Ti(µ-
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Z = CMe2 (4b); CH2CMe2 (4c)  
Scheme 2.5. Synthesis of the bromide-bridged cationic Ti(III) dimers 4b and 4c. 
 
The analogous C2 bridged ansa-Cp-arene Ti(IV) dimethyl cation 3c is somewhat more 
thermally stable in bromobenzene solution than 3b, and formation of 4c was not observed 
after standing at room temperature for several days. Instead, treatment of a C6D5Br solution 
of 3c with 1 bar of H2 on NMR scale (Scheme 2.5) resulted in the gradual precipitation of a 
brownish oil that subsequently solidified in the course of a week. No intermediates were 





we are not sure how the reaction proceeds. Analysis of the supernatant by 19F NMR 
spectroscopy shows resonances that are attributable to B(C6F5)3 and C6F5H (by comparison 
to an authentic sample) in addition to those of the B(C6F5)4 anion, indicating that C6F5 
transfer occurs also here.19,31,32 It is unclear whether these transformations precede the 
formation of 4c or represent a separate (minor) reaction pathway (yields were not 
determined in this reaction). The red/green dichroic crystals that are obtained were washed 
with pentane, and the molecular structure of a suitable crystal was determined by X-ray 
analysis to be that of {[η6-Ar-CH2CMe2-η5-C5H4]Ti(µ-Br)}2[B(C6F5)4]2 (4c) (Figure 2.4, 




Figure 2.4. Molecular structure of 4b (top) and 4c (bottom) showing 50% probability 
ellipsoids. The B(C6F5)4 anions and hydrogen atoms are omitted for clarity. 
 
A comparison of 4b and 4c shows the same trends as discussed above for 3b and 3c: the 
C2 bridge in 4c allows coordination of the arene moiety to the titanium(III) cation with 
considerable less strain than in 4b as evidenced by the larger Cg(Cp)–Ti–Cg(Ar) (av. 
131.02(11)°) and smaller Cp-Ar interplanar angle (α; av. 53.6(3)°) compared to 124.48(16) 
and 65.8(4)°, respectively, for 4b. A notable difference between the Ti(IV) cations 3b/3c 
and their Ti(III) counterparts 4b/4c lies in the Ti-C(Ar) distances, which are relatively short 
for 4b/4c. The apparently stronger Ti-arene coordination in the C1 bridged ansa-Cp-arene 
Ti(III) cation 4b compared to 3b is additionally reflected by the tilting of the 
cyclopentadienyl part in order to allow a closer approach of the arene to the metal centre 
(average ∆(dTi-C)Cp = 0.089 Å and  τCp = 3.0(4)°  vs. 0.032 Å and 0.80(19)°, respectively, in 
3b). 




Table 2.2. Selected bond distances (Å) and angles (º) for 4b and 4c. 
 4b (x = 1 / x = 2)a 4cb 
Ti(x)–Br(x) 2.5900(13) / 2.6115(12) 2.6407(8) / 2.6516(9)  
Ti(x)–Br(x’) 2.5848(13) / 2.6124(13) 2.6347(9) / 2.6480(8)  
Ti(x)–Ti(x’) 3.7772(16) / 3.8794(16) 4.0585(11)  
Ti(x)–Cg(Cp) 2.017(3) / 2.014(3) 2.038(2) / 2.042(2) 
Ti(x)–C(x1) 2.318(6) / 2.322(6) 2.364(4) / 2.357(3) 
Ti(x)–C(x2) 2.387(6) / 2.403(6) 2.379(5) / 2.379(4) 
Ti(x)–C(x3) 2.388(6) / 2.388(6) 2.344(5) / 2.363(4) 
Ti(x)–C(x4) 2.316(6) / 2.298(6) 2.337(4) / 2.352(4) 
Ti(x)–C(x5) 2.317(6) / 2.311(6) 2.398(3) / 2.389(4) 
Ti(x)–Cg(Ar) 2.159(3) / 2.118(3) 2.1491(16) / 2.1630(16) 
Ti(x)–C(x9) 2.399(6) / 2.398(6) 2.481(4) / 2.476(4) 
Ti(x)–C(x10) 2.485(6) / 2.484(6) 2.491(4) / 2.503(4) 
Ti(x)–C(x11) 2.699(7) / 2.627(6) 2.627(4) / 2.664(4) 
Ti(x)–C(x12) 2.709(6) / 2.622(6) 2.632(4) / 2.663(4) 
Ti(x)–C(x13) 2.660(6) / 2.616(5) 2.633(3) / 2.631(3) 
Ti(x)–C(x14) 2.471(6) / 2.468(6) 2.515(4) / 2.511(4) 
Ti(x)–Br(x)–Ti(x’) 93.76(4) / 95.91(4) 100.59(2) / 99.96(2) 
Br(x)–Ti(x)–Br(x’) 86.24(4) / 84.09(4) 79.64(2) / 79.81(2) 
∆(dTi-C)Cpc 0.072 / 0.105 0.061/ 0.037 
∆(dTi-C)Arc 0.310 / 0.229 0.152 / 0.188 
Cg(Cp)–Ti(x)–Cg(Ar) 124.52(11) / 124.44(11) 130.90(8) / 131.14(8) 
αc 66.5(3) / 65.0(3) 53.0(2) / 54.2(2) 
φCpc 13.1(4) / 12.2(4) 3.4(3) / 4.2(3) 
φArc 16.0(4) / 17.5(4) 0.2(3) / 0.8(3) 
τCpc 2.7(3) / 3.3(3) 1.11(19) / 0.29(19) 
τArc 8.4(2) / 6.2(2) 4.56(14) / 5.44(14) 
a values are for the two independent molecules in the unit cell. b atom numbering in 4c not analogous 
to that in 4b due to lack of symmetry operation relating the two halves of the dimer: the two values 
reported are bond distances and angles for the left / right part of the molecule as depicted in figure 2.4 






The d1 configuration of these Ti(III) cations raises the possibility of electron donation 
from the metal centre into the π*-system of the arene moiety, which may account for the 
somewhat smaller Ti-C(Ar) distances compared to the d0, Ti(IV) cations 3b/c. For example, 
early transition metal arene complexes that have d-electrons available are known to be 
stabilised by metal→arene π-backdonation, resulting in partial reduction of the arene 
moiety.33-38 The occurrence of π-backbonding interactions is usually reflected in the 
coordinated arene being distorted from planarity, with concomitant (partial) π-localisation 
leading to isolated single and double C-C bonds in the ring. Inspection of the C6 ring in 
4b/c shows that the coordinated arene moieties have a degree of planarity that is similar to 
that found for the Ti(IV) cations described above, with maximum and mean deviations of 
the carbon atoms from the least-squares plane in the range of 0.019(4)-0.038(7) and 0.012-
0.020 Å for 4b/c (3b/c/f: mean 0.011(4)-0.017(5) and maximum 0.007-0.010 Å). 
Substantially larger deviations from planarity are observed in the case of strong Ti→arene 
π-backdonation.35-37 These metrical data suggest that the coordination of the pendant arene 
in 4b/c is mainly due to electrostatic interactions and that the degree of π-backdonation is 
negligible in the presence of a single d-electron at the metal centre. The situation is quite 
different when the metal centre has two d-electrons available: this will be explored in more 
detail in Chapter 4. 
 
2.3. CONCLUSIONS 
Generation of formally 10 v.e. cationic species from half-sandwich titanium complexes 
bearing Cp-arene ligands results in the coordination of the pendant arene moiety to alleviate 
the electronic unsaturation at the metal centre. Variation in the substitution pattern on the 
arene or cyclopentadienyl, or the bridge length connecting those two parts results in 
significant differences in the binding of the ansa-Cp-arene ligand. The crystallographic 
characterisation of ansa-Cp-arene coordinated titanium(IV) cations shows that there is a 
distinct influence of the bridge length on the coordination geometry: while the C1 bridge in 
the [η6-Ar-CMe2-η5-C5H3R]TiMe2 cations (R = H, 3b; SiMe3, 3f) enforces a rather strained 
ansa-Cp-arene coordination, the C2 bridge in [η6-Ar-CH2CMe2-η5-C5H4]TiMe2+ (3c) allows 
a more favourable metal-arene interaction. The influence of a SiMe3 substituent on the 
cyclopentadienyl ring is much less pronounced. Nevertheless, it results in a slight tilting of 
the cyclopentadienyl due to the steric pressure exerted by the SiMe3 group, allowing a 
closer approach of the arene to the metal centre. The structural difference due to the bridge 
length is reflected in the relative stabilities of these dimethyl titanium(IV) cations, with the 
C1 bridged compound 3b decomposing more rapidly. Decomposition of the titanium(IV) 
cations in bromobenzene solution (either thermally in the case of 3b, or induced by H2 for 
3c) proceeds by solvent C-Br activation to ultimately give dimers of ansa-Cp-arene 
titanium(III) cations that have two bridging bromide ligands. The structures of the C1 (4b) 
and C2 (4c) bridged compounds also show that the strain due to ansa-coordination observed 
for 4b is markedly relieved in 4c. This should have substantial ramifications for the 




strength of the metal-arene interaction, which in turn is important for ethylene trimerisation 
catalysis by this class of compounds. Exploration of this theme is the subject of Chapter 3.  
 
2.4. EXPERIMENTAL SECTION 
General Considerations. All manipulations were carried out under nitrogen atmosphere 
using standard glovebox, Schlenk, and vacuum-line techniques. Toluene, hexane, and 
pentane (Aldrich, anhydrous, 99.8%) were passed over columns of Al2O3 (Fluka), BASF 
R3-11-supported Cu oxygen scavenger, and molecular sieves (Aldrich, 4 Å). Diethyl ether 
and THF (Aldrich, anhydrous, 99.8%) were dried by percolation over columns of Al2O3 
(Fluka). Cyclohexane (Labscan) was distilled from Na/K alloy, bromobenzene (Merck) 
from CaH2. All solvents were degassed prior to use and stored under nitrogen. Deuterated 
solvents were vacuum transferred from Na/K alloy (C6D6 and THF-d8, Aldrich) or from 
CaH2 (C6D5Br, Aldrich), and stored under nitrogen. TiCl4 (Fluka), MeMgCl (3.0 M in THF, 
Aldrich), [PhNMe2H][B(C6F5)4] (Strem), [Ph3C][B(C6F5)4] (Strem), nBuLi (2.5M in 
hexanes, Acros Organics), mesitylene (Merck) and Me3SiCl (Acros Organics) were used as 
received. N,N,N′,N′-Tetramethylethylenediamine (TMEDA, Acros Organics) was distilled 
before use. H2 (AGA, 99.9%) was passed over a column of LiAlH4 prior to use. The 
compounds [Ar-CH2-C5H4]Li (Ar = 3,5-Me2C6H3),6 [Ph-CMe2-η5-C5H4]TiCl3 (1a),18 [Ar-
CMe2-η5-C5H4]TiCl3 (1b),19 [Ph-CMe2-η5-C5H3SiMe3]TiCl3 (1d),22 [Ar-CMe2-η5-
C5H3SiMe3]TiCl3 (1f),39 [Ph-CMe2-η5-C5H4]TiMe3 (2a),18 [Ar-CMe2-η5-C5H4]TiMe3 (2b),19 
[Ar-CMe2-η5-C5H3SiMe3]TiMe3 (2f),39 and 6,6-dimethylfulvene40 were synthesised 
according to published procedures. NMR spectra were recorded on Varian VXR 300, 
Varian Mercury 400 or Varian Inova 500 spectrometers. The 1H and 13C NMR spectra were 
referenced internally using the residual solvent resonances and reported in ppm relative to 
TMS (0 ppm); J is reported in Hz. Assignment of NMR resonances was aided by gradient-
selected COSY, NOESY, HSQC and/or HMBC experiments using standard pulse 
sequences. For the various ionic compounds, NMR data for the B(C6F5)4 anion are 
essentially identical and are reported only once, at the end of the experimental section. 
Elemental analyses were performed at the Microanalytical Department of the University of 
Groningen or Kolbe Microanalytical Laboratory (Mülheim an der Ruhr, Germany).  
ArCH2Li(TMEDA). A solution of 15 mL of mesitylene (0.11 mol) and 17 mL of TMEDA 
(0.11 mol) in 150 mL of hexane was cooled to -20 °C, and 43 mL of BuLi (2.5 M in 
hexane, 0.11 mol) was added with stirring. The mixture was gradually allowed to warm to 
room temperature and stirred overnight, resulting in a yellow suspension. After filtration, 
the residue was washed with hexane (2 × 50 mL) and dried in vacuo to give the product as 
a yellow powder (15.1 g, 0.062 mol, 58%). 1H NMR (300 MHz, C6D6, 25 ºC) δ 6.25 (s, 2H, 
Ar o-H), 5.77 (s, 1H, Ar p-H), 2.39 (s, 2H, CH2), 2.21 (s, 6H, ArMe), 1.84 (s, 12H, 
TMEDA), 1.67 (s, 4H, TMEDA). 
[Ar-CH2CMe2-C5H4]Li(TMEDA). A suspension of 15.1 g of ArCH2Li(TMEDA) (62 





mL, 62 mmol) was added dropwise. Stirring overnight at room temperature resulted in an 
off-white suspension. The solvent was removed in vacuo, and the residue washed with 
hexane (2 × 50 mL), giving 10.9 g of an off-white powder (44 mmol, 70%). 1H NMR (400 
MHz, C6D6/THF-d8, 25 ºC) δ 6.71 (s, 1H, Ar p-H), 6.66 (s, 2H, Ar o-H), 5.99 (ps t, 2H, 
Cp), 5.91 (ps t, 2H, Cp), 2.97 (s, 2H, CH2), 2.17 (s, 6H, ArMe), 1.85 (s, 12H, TMEDA), 
1.82 (s, 4H, TMEDA), 1.37 (s, 6H, CMe2). 
General procedure for the synthesis of Ar-Z-C5H3(SiMe3)2. To a cold (-10 ºC) 
suspension of [Ar-Z-C5H4]Li in Et2O/THF (ca 1:1) was added an excess of Me3SiCl, which 
was subsequently stirred overnight at room temperature. After removal of volatiles, the 
product was extracted into Et2O and 1.05 equiv of BuLi was added at 0 ºC. The mixture 
was stirred overnight at room temperature, and some THF was added to dissolve all 
precipitation. Cooling to 0 ºC and addition of excess Me3SiCl gave a turbid reaction 
mixture. After stirring overnight at room temperature, the solvent was pumped off and the 
yellow oily product separated from LiCl by dissolving it in CH2Cl2 and subsequent 
filtration. Attempted aqueous work-up as described for the synthesis of 
mono(trimethylsilyl)-substituted cyclopentadienes18 resulted in hydrolysis of one of the 
SiMe3 groups, and therefore the solutions of crude product were used without further 
purification.  
[Ar-CH2CMe2-η5-C5H4]TiCl3 (1c). A solution of [Ar-CH2CMe2-C5H4]Li(TMEDA) (1.34 
g, 3.85 mmol) in 40 mL Et2O/THF (1:1) was stirred at 0 °C. To this was added 5 mL of 
SiMe3Cl (ca. 10 equiv) and the resulting mixture was allowed to warm to room temperature 
and stirred overnight. After addition of 50 mL of water, the yellow product was extracted 
into light petroleum ether. Kugelrohr distillation afforded 0.845 g (2.83 mmol, 74%) of Ar-
CH2CMe2-C5H4SiMe3 as a yellow oil, which was added to a stirred solution of TiCl4 (0.311 
mL, 2.84 mmol) in 25 mL of CH2Cl2 at -60 °C. The mixture was slowly warmed to room 
temperature and stirred overnight, after which all volatiles were removed. To remove 
residual CH2Cl2, the brownish residue was stirred with 10 mL of pentane, which was 
subsequently pumped off. Extraction of the product into hexane and cooling the extract to   
-80 °C overnight gave 1c as brown/orange powder (0.50 g, 1.32 mmol, 46% based on 
TiCl4)  1H NMR (500 MHz, C6D6, 25 ºC) δ 6.70 (s, 1H, Ar p-H), 6.18 (s, 2H, Ar o-H), 6.12 
(ps t, J = 2.6, 2H, Cp), 6.01 (ps t, J = 2.6, 2H, Cp), 2.39 (s, 2H, CH2), 2.08 (s, 6H, Ar Me), 
1.20 (s, 6H, CMe2). 13C NMR (125.7 MHz, C6D6, 25 ºC) δ 153.90 (Cp ipso-C), 137.06 (Ar 
m-C), 137.02 (Ar ipso-C), 128.78 (Ar o-CH), 128.41 (Ar p-CH), 123.18 (Cp CH), 121.59 
(Cp CH), 51.64 (CH2), 38.48 (CMe2), 26.78 (CMe2), 21.22 (Ar Me). Anal. Calcd for 
C17H21Cl3Ti: C, 53.79; H, 5.58. Found: C, 55.5; H, 5.90.  
[Ar-CH2-η5-C5H3SiMe3]TiCl3 (1e). To a solution of Ar-CH2-C5H3(SiMe3)2 (Ar = 3,5-
dimethylphenyl) in CH2Cl2 (prepared as described above, starting from 0.63 g (3.4 mmol) 
of [Ar-CH2-C5H4]Li) was added 0.37 mL of TiCl4 (3.4 mmol) at -40 ºC. The resulting dark 
greenish reaction mixture was stirred overnight at room temperature. Evaporation of the 
solvent gave a dark brown sticky powder. To remove residual solvent, this was stirred with 
pentane (10 mL), which was subsequently pumped off. Extraction into pentane (2 × 25 mL) 
gave a dark red solution. Crystallisation at -80 ºC gave 400 mg of a yellow powder. Work-




up of the mother liquor afforded another 163 mg of product (total 1.37 mmol, 41%). 1H 
NMR (300 MHz, C6D6, 25 ºC) δ 6.75 (m, 1H, Cp), 6.66 (s, 3H, Ar o-H + Ar p-H), 6.55 (m, 
1H, Cp), 6.35 (m, 1H, Cp), 3.93 (d, 2J = 15.8, 1H, CH2), 3.85 (d, 2J = 15.8, 1H, CH2), 2.07 
(s, 6H, Ar Me), 0.10 (s, 9H, SiMe3). 13C NMR (75.4 MHz, C6D6, 25 ºC) δ 147.09, 143.19, 
138.42 and 138.27 (s, Ar and Cp ipso-C), 129.31, 128.95, 128.77, 128.30 and 126.98 (d, Ar 
and Cp CH), 37.78 (t, J = 129.9, CH2), 21.17 (q, J = 128.6, Ar Me), -0.87 (q, J = 120.2, 
SiMe3). Anal. Calcd for C17H23Cl3SiTi: C, 49.84; H, 5.66; Ti, 11.69. Found: C, 50.04; H, 
5.72; Ti, 11.67. 
[Ph-CH2CMe2-η5-C5H3SiMe3]TiCl3 (1g). A solution of Ph-CH2CMe2-C5H3(SiMe3)2 in 
CH2Cl2 was prepared, starting from 0.8 g of Ph-CH2CMe2-C5H4SiMe318 using the 
procedure outlined above. After cooling to -70 ºC, 1 equiv of TiCl4 (0.33 mL) was added 
and the mixture allowed to warm to room temperature. After stirring overnight, all volatiles 
were pumped off. Extraction into pentane (2 × 25 mL) and crystallisation at -80 ºC gave 
0.71 g of orange-red needles. Further concentration of the mother liquor afforded another 
0.14 g of 1g as an orange powder (total 1.99 mmol, 67%). 1H NMR (500 MHz, C6D6, 25 
ºC) δ 6.99 (m, 3H, Ph m-H + p-H), 6.64 (ps t, J = 2.1, 1H, Cp), 6.49 (ps t, J = 2.6, 1H, Cp), 
6.46 (d, J = 7.4, 2H, Ph o-H), 6.33 (ps t, J = 2.6, 1H, Cp), 2.47 (d, 2J = 13.0, 1H, CH2), 2.35 
(d, 2J = 13.0, 1H, CH2), 1.32 (s, 3H, CMe2), 1.23 (s, 3H, CMe2), 0.19 (s, 9H, SiMe3). 13C 
NMR (125.7 MHz, C6D6, 25 ºC) δ 157.47 (s, Cp ipso-C), 143.43 (s, Cp CSiMe3), 137.43 (s, 
Ar ipso-C), 130.69 (d, J = 156.6, Ph o-CH), 128.81 (d, J = 178.8, Cp CH), 128.0 (d, J = 
158.9, Ph m-CH), 127.26 (d, J = 175.5, Cp CH), 126.68 (d, J = 157.7, Ph p-CH), 124.42 (d, 
J = 175.6, Cp CH), 52.12 (t, J = 128.7, CH2), 38.87 (s, CMe2), 27.29 (q, J = 127.5, CMe2), 
26.99 (q, J = 127.5, CMe2), -0.76 (q, J = 120.1, SiMe3). Anal. Calcd for C18H25Cl3SiTi: C, 
51.02; H, 5.95; Ti, 11.30. Found: C, 51.90; H, 6.23; Ti, 11.19.  
[Ar-CH2CMe2-η5-C5H3SiMe3]TiCl3 (1h). The general procedure outlined above (starting 
from 0.97 g (2.78 mmol) [Ar-CH2CMe2-C5H4]Li(TMEDA)) was used to obtain Ar-
CH2CMe2-C5H3(SiMe3)2, which was purified by Kugelrohr distillation to give 0.84 g of Ar-
CH2CMe2-C5H3(SiMe3)2 as a yellow oil (2.27 mmol, 82%). This was dissolved in CH2Cl2 
(25 mL) and cooled to -30 °C. Addition of 0.25 mL of TiCl4 (2.28 mmol) gave a dark 
brown reaction mixture, which was allowed to warm to room temperature and stirred for 3 
days. After removal of all volatiles, the dark oily residue was extracted into 3 × 25 mL of 
pentane. Removal of the pentane in vacuo gave a dark reddish oil. Addition of a small 
amount of hexane to the oily product and standing overnight resulted in 0.35 g of 
microcrystalline 1h (0.76 mmol, 34%). 1H NMR (400 MHz, C6D6, 25 ºC) δ 6.85 (ps t, J = 
2.1, 1H, Cp), 6.68 (s, 1H, Ar p-H), 6.48 (ps t, J = 2.7, 1H, Cp), 6.26 (ps t, J = 2.6, 1H, Cp), 
6.21 (s, 2H, Ar o-H), 2.53 (d, 2J = 13.0, 1H, CH2), 2.40 (d, 2J = 13.0, 1H, CH2), 2.07 (s, 6H, 
Ar Me), 1.33 (s, 3H, CMe2), 1.31 (s, 3H, CMe2), 0.23 (s, 9H, SiMe3). 13C NMR (125.7 
MHz, C6D6, 25 ºC) δ 157.92 (s, Cp ipso-C), 143.63 (s, Cp CSiMe3), 137.24 (s, Ar ipso-C), 
137.07 (s, Ar m-C), 128.69 (d, overlapped, Ar o-CH), 128.55 (d, overlapped, Cp CH), 
128.37 (d, overlapped, Ar p-CH), 127.14 (d, J = 173.4, Cp CH), 124.77 (d, J = 176.1, Cp 





127.4, CMe2), 21.31 (q, J = 126.1, Ar Me), -0.66 (q, J = 120.1, SiMe3). Anal. Calcd for 
C20H29Cl3SiTi: C, 53.17; H, 6.47. Found: C, 53.56; H, 6.45. 
[Ar-CH2CMe2-η5-C5H4]TiMe3 (2c). To a solution of 1c (307 mg, 0.809 mmol) in 25 mL 
Et2O at -30 °C was added 0.89 mL of MeMgCl (3.0 M solution in THF, 2.67 mmol). The 
mixture was stirred for 2 hours while slowly warming to room temperature. All volatiles 
were removed in vacuo. To remove residual Et2O, the product was stirred with 10 mL of 
pentane, which was subsequently pumped off. Extraction with pentane (2 × 20 mL) and 
cooling the extracts to -80 °C gave 155 mg of light green powder. Further concentration of 
the mother liquor and cooling to -80 °C afforded another 53 mg of 2c. Total yield: 203 mg 
(0.638 mmol, 79%). 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.77 (s, 1H, Ar p-H), 6.52 (s, 2H, 
Ar o-H), 5.80 (m, 4H, Cp), 2.62 (s, 2H, CH2), 2.18 (s, 6H, Ar Me), 1.31 (s, 9H, Ti Me), 
1.04 (s, 6H, CMe2). 13C NMR (125.7 MHz, C6D6, 25 ºC) δ 143.89 (Cp ipso-C), 138.32 (Ar 
ipso-C), 136.80 (Ar m-C), 129.07 (Ar o-CH), 128.09 (Ar p-CH), 113.72 (Cp CH), 109.40 
(Cp CH), 62.78 (TiMe), 52.45 (CH2), 36.93 (CMe2), 27.24 (CMe2), 21.37 (Ar Me). Anal. 
Calcd for C20H30Ti: C, 75.46; H, 9.50. Found: C, 75.2; H, 9.68. 
[Ph-CMe2-η5-C5H3SiMe3]TiMe3 (2d). A solution of 136 mg 1d (0.334 mmol) in 10 mL of 
Et2O was cooled to 0 ºC and 3 equiv MeMgCl (0.34 mL of a 3 M solution in THF) were 
added dropwise with stirring. The mixture was stirred for 3 hours at 0 ºC, after which all 
volatiles were removed in vacuo. To remove residual Et2O, the residue was stirred with 10 
mL of hexane, which was subsequently pumped off. Extraction into hexane (2 × 20 mL) 
gave a greenish solution, from which a 2d was obtained as a greenish oil after evaporation 
of the solvent. Yield not determined. 1H NMR (300 MHz, C6D6, 25 ºC) δ 6.93 (s, 2H, Ar o-
H), 6.69 (s, 1H, Ar p-H), 6.24 (m, 1H, Cp), 6.19 (m, 1H, Cp), 6.12 (m, 1H, Cp), 2.16 (s, 
6H, Ar Me), 1.51 (s, 3H, CMe2), 1.48 (s, 3H, CMe2), 1.40 (s, 9H, Ti Me), 0.11 (s, 9H, 
SiMe3). 13C NMR (75.4 MHz, C6D6, 25 ºC) δ 150.48 (s, Ar ipso-C), 149.57 (s, Cp ipso-C), 
137.39 (s, Ar m-C), 128.68 (s, Cp  CSiMe3), 127.84 (d, J = 152.4, Ar p-CH), 124.44 (d, J = 
154.3, Ar o-CH), 118.18 (d, J = 171.9, Cp CH), 114.38 (d, J = 169.7, Cp CH), 113.52 (d, J 
= 170.9, Cp CH), 63.29 (q, J = 120.4, Ti Me), 40.15 (s, CMe2), 30.03 (q, J = 127.4, CMe2), 
29.90 (q, J = 127.4, CMe2), 21.62 (q, J = 125.9, Ar Me), -0.34 (q, J = 119.4, SiMe3).  
[Ar-CH2-η5-C5H3SiMe3]TiMe3 (2e). A solution of 1e (121 mg, 0.295 mmol) in 10 mL of 
Et2O was cooled to 0 ºC and 3 equiv of MeMgCl (0.30 mL of a 3.0 M solution in THF) was 
added. Stirring was continued for 2.5 hours at 0 ºC. Removal of volatiles and extraction 
into pentane (2 × 10 mL) gave a yellow solution. Evaporation of the solvent gave 93 mg of 
2e as a yellow oil (0.241 mmol, 90 %). 1H NMR (400 MHz, C6D6, 25 ºC) δ 6.82 (s, 2H, Ar 
o-H), 6.70 (s, 1H, Ar p-H), 6.12 (m, 1H, Cp), 6.07 (m, 1H, Cp), 6.05 (m, 1H, Cp), 3.58 (d, 
2J = 15.4, 1H, CH2), 3.52 (d, 2J = 15.4, 1H, CH2), 2.11 (s, 6H, Ar Me), 1.34 (s, 9H, Ti Me), 
0.06 (s, 9H, SiMe3). 13C NMR (75.4 MHz, C6D6, 25 ºC) δ 140.49 (s, Ar ipso-C), 138.00 (s, 
Ar m-C), 136.57 (s, Cp ipso-C), 128.30 (d, J = 158.3, Ar p-CH), 127.88 (s, Cp  CSiMe3), 
127.00 (d, overlapped with solvent, Ar o-CH), 118.19 (d, J = 171.8, Cp CH), 116.80 (d, J = 
169.4, Cp CH), 116.72 (d, J = 169.4, Cp CH), 62.41 (q, J= 120.1, Ti Me), 36.63 (t, J = 
127.2, CH2), 21.30 (q, J = 126.5, Ar Me), -0.41 (q, J = 119.4, SiMe3).  




[Ph-CH2CMe2-η5-C5H3SiMe3]TiMe3 (2g). To a solution of 1g (279 mg, 0.658 mmol) in 
10 mL Et2O, cooled to -20 ºC, was added 0.66 mL of MeMgCl (3.0 M solution in THF, 3 
equiv) and the mixture was stirred at room temperature for 2 hours. All volatiles were 
removed in vacuo, and residual solvent was removed by stirring with 5 mL of pentane, 
which was subsequently pumped off. Extraction into pentane (2 × 20 mL) gave 2g as a 
yellow oil. Yield: 226 mg (0.623 mmol, 95%). 1H NMR (400 MHz, C6D6, 25 ºC) δ 7.10 (m, 
3H, Ph m-H + p-H), 6.78 (d, J = 7.4, 2H, Ph o-H), 6.07 (ps t, J = 2.6, 1H, Cp), 6.00 (ps t, J 
= 2.2, 1H, Cp), 5.95 (ps t, J = 2.6, 1H, Cp), 2.64 (d, 2J = 12.7, 1H, CH2), 2.59 (d, 2J = 12.7, 
1H, CH2), 1.37 (s 9H, Ti Me), 1.08 (s, 3H, CMe2), 1.02 (s, 3H, CMe2), 0.14 (s, 9H, SiMe3). 
13C NMR (100.6 MHz, C6D6, 25 ºC) δ 148.11 (s, Cp ipso-C), 138.59 (s, Ar ipso-C), 130.97 
(d, J = 156.0, Ar m-CH), 127.95 (s, CpCSiMe3), 127.82 (d, J = 156.4, Ar o-CH), 126.37 (d, 
J= 159.0, Ar p-CH), 118.37 (d, J = 171.3, Cp CH), 114.07 (d, J = 169.7, Cp CH), 113.12 
(d, J = 170.9, Cp CH), 63.15 (q, J = 120.5, Ti Me), 52.96 (t, J = 129.6, CH2), 37.34 (s, 
CMe2), 27.43 and 27.39 (q, J ≈ 127, CMe2), -0.32 (q, J = 119.4, SiMe3). 
[Ar-CH2CMe2-η5-C5H3SiMe3]TiMe3 (2h). A solution of 1h (120 mg, 0.266 mmol) in 10 
mL Et2O was cooled in an ice-bath, and 3 equiv of MeMgCl (3.0 M solution in THF) were 
added. The resulting suspension was stirred at room temperature for 2 hours. Removal of 
volatiles, followed by extraction into pentane (2 × 15 mL) resulted in a light green solution. 
Evaporation to dryness resulted in green oily 2h in quantitative yield. 1H NMR (400 MHz, 
C6D6, 25 ºC) δ 6.76 (s, 1H, Ar p-H), 6.51 (s, 2H, Ar o-H), 6.18 (ps t, J = 2.2, 1H, Cp), 6.06 
(ps t, J = 2.6, 1H, Cp), 5.92 (ps t, J = 2.6, 1H, Cp), 2.73 (d, 2J = 12.7, 1H, CH2), 2.59 (d, 2J 
= 12.7, 1H, CH2), 2.18 (s, 6H, Ar Me), 1.38 (s, 9H, TiMe), 1.11 (s, 3H, CMe2), 1.10 (s, 3H, 
CMe2), 0.17 (s, 9H, SiMe3). 13C NMR (125.7 MHz, C6D6, 25 ºC) δ 148.49 (s, Cp ipso-C), 
138.40 (s, Ar ipso-C), 136.78 (s, Ar m-C), 128.98 (d, overlapped, Ar o-CH), 128.35 (s, 
overlapped, CpCSiMe3) 128.10 (d, overlapped, Ar p-CH), 117.73 (d, J = 170.6, Cp CH), 
113.77 (d, J ≈ 172, Cp CH), 113.73 (d, J ≈ 172, Cp CH), 63.10 (q, J = 120.4, TiMe), 52.81 
(t, J = 125.6, CH2), 37.60 (s, CMe2), 28.30 (q, J = 128.3, CMe2), 26.79 (q, J = 127.8, 
CMe2), 21.45 (q, J = 124.8, Ar Me), -0.22 (q, J = 119.5, SiMe3). 
{[η6-Ph-CMe2-η5-C5H4]TiMe2}[B(C6F5)4]·0.5(C6H5Br) (3a). A solution of 2a (24 mg, 87 
µmol) in 0.5 mL of C6H5Br was cooled to -30 °C. A cold solution of [Ph3C][B(C6F5)4] (77 
mg, 83 µmol) in bromobenzene (~0.5 mL) was layered on top of this. Slow diffusion at -30 
ºC resulted in precipitation of orange crystals, from which the supernatant was decanted. 
Washing with pentane and drying in vacuo gave 3a as orange crystals. Yield: 49 mg (48 
µmol, 58%). NMR data as reported previously.18 Anal. Calcd for 
C40H21BF20Ti·0.5(C6H5Br): C, 50.70; H, 2.33; Ti, 4.70. Found: C, 50.82; H, 2.42; Ti, 4.75. 
{[η6-Ar-CMe2-η5-C5H4]TiMe2}[B(C6F5)4] (3b). Analogous to the procedure for 3a 
described above (2b: 27.4 mg, 90 µmol; [Ph3C][B(C6F5)4]: 79 mg, 86 µmol) orange crystals 
of 3b were obtained. Yield: 53 mg (55 µmol, 64%). 1H and 13C NMR resonances of the 
cationic part are the same as found for {[Ar-CMe2-C5H4]TiMe2}[MeB(C6F5)3].19  
Rapid mixing of the solutions at -30 ºC resulted in small orange needles that contain a 





mixture of orange needle- and block-shaped crystals, of which the blocks did not contain a 
bromobenzene solvate molecule. Elemental analysis was performed on the (homogeneous) 
batch of needles. Anal. Calcd for C42H25BF20Ti·(C6H5Br): C, 51.23; H, 2.69; Ti, 4.26. 
Found: C, 51.14; H, 2.67; Ti, 4.34. 
{[η6-Ar-CH2CMe2-η5-C5H4]TiMe2}[B(C6F5)4] (3c). A procedure similar to the one 
described above for 3a was followed (2c: 49 mg, 154 µmol; [Ph3C][B(C6F5)4]: 135 mg, 146 
µmol), resulting in a dark orange oil, which solidified in the course of a couple of days to 
give 3c as orange needles. Yield: 138 mg (140 µmol, 96%). 1H NMR (500 MHz, C6D5Br,   
-25 ºC) δ δ 7.15 (s, 1H, Ar p-H), 6.62 (s, 2H, Cp), 6.04 (s, 2H, Ar o-H), 5.48 (s, 2H, Cp), 
2.10 (s, 2H, CH2), 2.07 (s, 6H, Ar Me), 0.87 (s, 6H, CMe2),  0.07 (s, 6H, Ti Me). 13C NMR 
(125.7 MHz, C6D5Br, -25 ºC) δ 149.0 (s, Ar m-C), 143.1 (s, Ar ipso-C), 140.8 (s, Cp ipso-
C), 133.7 (d, J = 169, Ar p-CH), 126.5 (overlapped, Ar o-CH), 122.9 (d, overlapped, Cp 
CH), 113.1 (d, J = 174, Cp CH), 68.5 (q, J = 127, Ti Me), 48.1 (t, J = 131, CH2), 39.8 (s, 
CMe2), 30.2 (CMe2), 22.0 (q, J = 129, Ar Me). Anal. Calcd for C43H27BF20Ti-: C, 52.57; H, 
2.77; Ti, 4.88. Found: C, 52.38; H, 2.86; Ti, 4.88. 
{[η6-Ar-CMe2-η5-C5H3SiMe3]TiMe2}[B(C6F5)4] (3f). A procedure similar to the one 
described above was followed (2f: 40 mg, 106 µmol; [Ph3C][B(C6F5)4]: 93 mg, 101 µmol), 
resulting in a dark orange-red solution. Diffusion of cyclohexane into this at room 
temperature precipitated 3f as orange crystals. Yield: 76 mg (73 µmol, 78%). 1H NMR (500 
MHz, C6D5Br, 0 ºC) δ 6.99 (s, 1H, Cp), 6.93 (s, 1H, Ar p-H), 5.94 (s, 2H, Ar o-H), 5.60 (s, 
1H, Cp), 5.41 (s, 1H, Cp), 2.10 (s, 3H, Ar Me), 2.07 (s, 3H, Ar Me), 1.07 (s, 3H, CMe2), 
1.04 (s, 3H, CMe2), 0.47 (s, 3H, Ti Me), 0.45 (s, 3H, Ti Me), 0.16 (s, 9H, SiMe3). 13C NMR 
for the cationic part (125.7 MHz, C6D5Br, -25 ºC) δ 153.12 (s, Ar m-C), 151.76 (s, Ar m-C), 
137.17 (s, Cp CSiMe3), 134.22 (s, Ar ipso-C), 131.73 (d, overlapped with solvent, Ar p-
CH), 130.31 (d, overlapped with solvent, Cp CH), 123.57 (s, Cp ipso-C), 121.94 (d, J =  
165.7, Ar o-CH), 120.98 (d, J = 165.7, Ar o-CH), 117.80 (d, J = 172.4, Cp CH), 117.07 (d, 
J = 171.4, Cp CH), 72.00 (q, J = 126.2, Ti Me), 71.55 (q, J = 126.3, Ti Me), 40.24 (s, 
CMe2), 22.32 (q, J = 129.6, Ar Me), 22.05 (q, J = 129.9, Ar Me), 21.57 (q, J = 128.3, 
CMe2), 20.53 (q, J = 128.3, CMe2), -1.11 (q, J = 119.6, SiMe3). Anal. Calcd for 
C45H33BF20SiTi: C, 51.94; H, 3.20; Ti, 4.60. Found: C, 51.65; H, 3.28; Ti, 4.41. 
General procedure for NMR-tube scale synthesis of ionic compounds 3d, 3e, 3g, 3h. A 
solution of the appropriate neutral trimethyl complex (ca. 8 mg) in 0.4 mL of C6D5Br was 
prepared in the glovebox and cooled to -30 ºC. To this was added 1.05 equiv of 
[Ph3C][B(C6F5)4], resulting in immediate colour change to dark red. The cold NMR tube 
was taken out of the glovebox immediately and frozen in liquid N2. Alternatively, for 
reactions in CD2Cl2, the solvent was vacuum-transferred at -196 ºC into an NMR tube 
containing a mixture of the solid starting materials, which was then closed and allowed to 
thaw at -60 ºC. The cold solutions were inserted in the pre-cooled probe of the NMR 
spectrometer and analysed by 1D and 2D experiments, which indicated full conversion to 
the ionic species with concomitant formation of Ph3CMe. 
{[η6-Ph-CMe2-η5-C5H3SiMe3]TiMe2}[B(C6F5)4] (3d). 1H NMR (500 MHz, C6D5Br, -30 
ºC) δ 7.58 (br, 3H, Ph), 6.91 (s, 1H, Cp), 6.08 (s, 2H, Ph), 5.63 (s, 1H, Cp), 5.32 (s, 1H, 




Cp), 1.02 (s, 6H, CMe2), 0.71 (br, 3H, TiMe), 0.66 (br, 3H, TiMe), 0.12 (s, 9H, SiMe3). 13C 
NMR (125.7 MHz, C6D5Br, -30 ºC) δ 138.1 (CpCSiMe3), 132.9 (Ar ipso-C), 131.2 (Cp 
CH), 128.4 (Ph CH), 124.6 (Cp ipso-C + Ph o-CH), 118.3 (Cp CH), 117.5 (Cp CH), 69.9 
(TiMe), 40.6 (CMe2), 21.5 (CMe2), 20.4 (CMe2), -1.2 (SiMe3).  
{[η6-Ar-CH2-η5-C5H3SiMe3]TiMe2}[B(C6F5)4] (3e). 1H NMR (500 MHz, C6D5Br, -25 ºC) 
δ 6.88 (s, 1H, Cp), 6.78 (s, Ar p-H), 5.58 (s, 1H, Ar o-H), 5.52 (s, 1H, Ar o-H), 5.33 (s, 1H, 
Cp), 5.32 (s, 1H, Cp), 2.82 (d, 2J = 12.4, 1H, CH2), 2.71, (d, 2J = 12.4, 1H, CH2), 2.00 (s, 
6H, Ar Me), 0.43 (s, 3H, Ti Me), 0.39 (s, 3H, Ti Me), 0.13 (s, 9H, SiMe3). 13C NMR (125.7 
MHz, C6D5Br, -25 ºC) δ 152.69 (s, Ar m-C), 151.47 (s, Ar m-C), 136.97 (s, CpCSiMe3), 
131.30 (overlapped, Ar p-CH), 130.21 (overlapped, Cp CH), 126.8 (overlapped, Ar ipso-
C), 124.89 (d, overlapped, Ar o-CH), 124.00 (d, overlapped, Ar o-CH), 119.53 (d, J = 
173.5, Cp CH), 119.21 (d, J = 173.5, Cp CH), 113.50 (s, Cp ipso-C), 72.25 (q, J = 126.0, Ti 
Me), 72.11 (q, J = 126.2, Ti Me), 34.19 (t, J = 140.1, CH2), 22.07 (q, J = 129.5, Ar Me), 
21.80 (q, J = 129.5, Ar Me), -1.18 (q, J = 120.0, SiMe3).  
{[η6-Ph-CH2CMe2-η5-C5H3SiMe3]TiMe2}[B(C6F5)4] (3g). 1H NMR (500 MHz, C6D5Br,   
-30 ºC) δ 7.77 (t, J = 7.0, 1H, Ph p-H), 7.61 (t, J = 7.1, 1H, Ph m-H), 7.45 (t, J = 7.1, 1H, Ph 
m-H), 6.86 (s, 1H, Cp), 6.52 (d, J = 7.2, 1H, Ph o-H), 6.36 (d, J = 7.2, 1H, Ph o-H), 6.07 (s, 
1H, Cp), 5.72 (s, 1H, Cp), 2.22 (d, 2J = 14.1, 1H, CH2), 2.18, (d, 2J = 14.1, 1H, CH2), 0.92 
(s, 3H, CMe2),  0.87 (s, 3H, CMe2), 0.40 (s, 3H, Ti Me), 0.39 (s, 3H, Ti Me), 0.12 (s, 9H, 
SiMe3). 13C NMR (125.7 MHz, C6D5Br, -30 ºC) δ 145.39 (s, Cp ipso-C), 141.91 (s, Ph 
ipso-C), 139.08 (d, J = 174.5, Ph m-CH), 136.29 (s, CpCSiMe3), 135.85 (d, J = 173.9, Ph 
m-CH), 131.62 (overlapped, Ph p-CH), 129.48 (overlapped, Cp CH), 129.12 (overlapped, 
Ph o-CH), 128.03 (overlapped, Ph o-CH), 119.84 (d, J = 172.3, Cp CH), 118.25 (d, J = 
172.5, Cp CH), 65.81 (q, J = 127.5, Ti Me), 65.51 (q, J = 127.5, Ti Me), 47.46 (t, J= 132.5, 
CH2), 41.00 (s, CMe2), 32.08 (q, J = 126.5, CMe2), 28.58 (q, J= 126.6, CMe2), -0.38 (q, J = 
119.8, SiMe3). 
{[η6-Ar-CH2CMe2-η5-C5H3SiMe3]TiMe2}[B(C6F5)4] (3h). 1H NMR (500 MHz, C6D5Br, 0 
ºC) δ 7.03 (s, 1H, Ar p-H), 6.86 (s, 1H, Cp), 6.19 (s, 1H, Ar o-H), 6.09 (s, 1H, Ar o-H), 
6.00 (s, 1H, Cp), 5.83 (s, 1H, Cp), 2.17 (d, 2J = 14.0, 1H, CH2), 2.12, (d, 2J = 14.0, 1H, 
CH2), 2.11 (s, 3H, Ar Me), 2.08 (s, 3H, Ar Me), 0.92 (s, 3H, CMe2),  0.85 (s, 3H, CMe2), 
0.20 (s, 6H, Ti Me), 0.16 (s, 9H, SiMe3). 13C NMR for the cationic part (125.7 MHz, 
C6D5Br, -25 ºC) δ 149.42 (Ar m-C), 148.55 (Ar m-C), 145.29 (Cp ipso-C), 142.83 (s, Ar 
ipso-C), 135.42 (s, Cp CSiMe3), 134.21 (Ar p-CH), 128.47 (Cp CH), 126.9 (overlapped, Ar 
o-CH), 126.2 (overlapped, Ar o-CH), 118.67 (Cp CH), 117.86 (Cp CH), 68.41 (Ti Me), 
68.19 (Ti Me), 47.82 (CH2), 40.19 (CMe2), 31.42 (CMe2), 29.03 (CMe2), 22.17 (Ar Me), 
21.94 (Ar Me), -0.30 (SiMe3).  
{[η6-Ar-CMe2-η5-C5H4]Ti(µ-Br)}2[B(C6F5)4]2 (4b). A procedure similar to that described 
for crystallisation of 3a was followed (2b: 33.8 mg; [Ph3C][B(C6F5)4]: 97 mg), but this time 
the layers were allowed to diffuse into each other at room temperature. After 3 days, a 





{[η6-Ar-CH2CMe2-η5-C5H4]Ti(µ-Br)}2[B(C6F5)4]2 (4c). An NMR tube was charged with 
ca. 5 mg of 2c and 0.5 mL of C6D5Br. Addition of 1.05 equiv of [Ph3C][B(C6F5)4] afforded 
3c cleanly, based on NMR analysis. The tube was degassed on a high-vacuum line by three 
freeze-pump-thaw cycles and backfilled with 1 bar of H2. The reaction was monitored by 
1H NMR and the intensity of the signals due to 3c slowly disappeared in the course of 
several days with concomitant formation of a dark oil. The oil solidified after standing for a 
week at room temperature and the crystals were isolated by decantation of the solution. 
Yield not determined. 19F NMR analysis of the supernatant showed the presence of 
B(C6F5)3 (δ -127.2, -141.7 and -159.2 ppm) and C6F5H (-137.9 (dt), -153.2 (t) and -161.3 
(tt)). 
NMR data for the [B(C6F5)4] anion. 13C NMR (125.7 MHz, C6D5Br, -25 ºC) δ 149.02 (d, 
JCF = 242.9, o-CF), 138.92 (d, JCF = 237.4, p-CF), 137.02 (d, JCF = 239.9, m-CF), 124.30 
(br, C6F5 ipso-C). 19F NMR (470 MHz, C6D5Br, -25 ºC) δ -132.9 (o-F), -162.5 (p-F), -166.4 
(m-F). 
X-ray crystal structures. Suitable crystals of 3a-3c, 3f, 4b and 4c were mounted on top of 
a glass fibre in a drybox and transferred, using inert-atmosphere handling techniques, into 
the cold nitrogen stream of a Bruker SMART APEX CCD diffractometer. The final unit 
cell was obtained from the xyz centroids of 9603 (3a), 6331 (3b), 3130 (3c), 4369 (3f), 
5032 (4b) and 8568 (4c) reflections after integration. Intensity data were corrected for 
Lorentz and polarisation effects, scale variation, for decay and absorption: a multiscan 
absorption correction was applied, based on the intensities of symmetry-related reflections 
measured at different angular settings (SADABS).41 The structures of 3a-3c, 3f and 4b were 
solved by Patterson methods and extension of the model was accomplished by direct 
methods applied to difference structure factors using the program DIRDIF.42 The structure 
of 4c was solved by direct methods using the program SIR2004.43 A difference Fourier 
synthesis resulted in the location of all hydrogen atoms for 3b, 3f and 4b and the hydrogen 
atom coordinates and isotropic displacement parameters were refined freely. For 3a, 3c and 
4c, the hydrogen atoms were generated by geometrical considerations, constrained to 
idealised geometries, and allowed to ride on their carrier atoms with an isotropic 
displacement parameter related to the equivalent displacement parameter of their carrier 
atoms. The crystals obtained for 3a and 3c showed weak scattering power. For 3a, from the 
solution it was clear the bromobenzene solvate molecule was highly disordered over an 
inversion centre: no satisfactory discrete model could be fitted in this density. The BYPASS 
(SQUEEZE) procedure44 was used to take into account the electron density in the potential 
solvent area of 570.7  Å3/unit cell). In addition, refinement was frustrated by a disorder in 
the cyclopentadienyl and phenyl positions, which appeared to be interchangeable. Possibly, 
the similarity of the C5 and C6 rings results in non-preferential packing. The disorder results 
in unrealistic displacement parameters when allowed to vary anisotropically, and the 
structure is so poorly defined that it only serves to establish connectivities. For 3c, two 
atoms, C(319) and (C44), showed unrealistic displacement parameters when allowed to 
vary anisotropically, suggesting dynamic disorder, and restrain instructions were applied in 
the refinement to obtain reasonable parameters. For 4c, a difference Fourier synthesis 
resulted in the location of a residual peak of 4.4 e/Å3 at 2.5 Å separation from a Br atom of 




a bromobenzene solvate molecule, which is probably due to dynamic disorder. No 
satisfactory discrete model could be fitted in this density. All refinement and geometry 
calculations were performed with the program packages SHELXL45 and PLATON.46 Crystal 
data and details on data collection and refinement are presented in Table 2.3 and 2.4. 
 
Table 2.3. Crystallographic data for 3a-3c and 3f. 
 3a 3b 3c  3f 









Mr 1018.77 968.31 982.33 1040.49 
cryst syst monoclinic monoclinic monoclinic triclinic 
color, habit orange, platelet orange, block orange, needle orange, block 
size (mm) 0.47 x 0.13 x 
0.06 
0.37 x 0.17 x 
0.14 
0.55 x 0.10 x 
0.08 
0.31 x 0.15 x 
0.12 
space group P21/c P21/c P21/n P-1 
a (Å) 10.791(1) 12.0159(9) 14.173(3) 9.6470(8) 
b (Å) 13.320(1) 19.541(1) 18.378(3) 12.960(1) 
c (Å) 28.398(3) 15.977(1) 29.769(5) 17.683(2) 
α (º) – – – 102.781(1) 
β (º) 91.066(2) 91.830(1) 97.089(4) 90.754(2) 
γ (º) – – – 96.832(2) 
V (Å3) 4081.1(7) 3749.5(4) 7695(2) 2139.0(3) 
Z 4 4 8 2 
ρcalc, g.cm-3 1.658 1.715 1.696 1.615 
µ(Mo Kα), cm-1 8.24 3.62 3.54 3.5 
F(000) 2024 1936 3936 1048 
temp (K) 100(1) 100(1) 100(1) 100(1) 
θ range (º) 2.39–25.03 2.19–27.55 2.32–25.35 2.48–26.02 
data collected (h,k,l) -12:12, -15:15,  
-33:33 
-13:14, -23:23,  
-19:19 
-17:17, -22:22,  
-35:35 
-11:11, 15:15,   
-21:20 
min and max transm 0.8189, 0.9518 0.8689, 0.9510 0.7932, 0.9722 0.8471, 0.9592 





no. of indpndt reflns 7155 6618 14058 8230 
observed reflns Fo ≥ 
4.0 σ (Fo) 
4302 4283 6809 5380 
R(F) (%) 6.90 5.05 6.36 5.59 
wR(F2) (%) 18.53 11.81 14.49 13.11 
GooF 1.037 1.021 0.950 1.026 
weighting a,b 0.0953, 0.0 0.0495, 0.6185 0.0510, 0.0 0.0558, 0.0670 
params refined 563 677 1183 745 
min, max resid dens -0.4, 0.7(1) -0.55, 0.34(7) -0.49, 0.42(8) -0.40, 0.91(8) 
 
 
Table 2.4. Crystallographic data for 4b and 4c. 





Mr 2193.29 2378.35 
cryst syst monoclinic triclinic 
color, habit orange-brown, needle red/green, block 
size (mm) 0.43 x 0.11 x 0.08 0.34 x 0.25 x 0.11 
space group P21/c P-1 
a (Å) 21.812(3) 10.9702(8) 
b (Å) 17.886(2) 18.540(1) 
c (Å) 20.840(3) 21.611(2) 
α (º) – 95.649(1) 
β (º) 94.865(2) 93.405(1) 
γ (º) – 98.169(1) 
V (Å3) 8101.0(19) 4317.7(6) 
Z 4 2 
ρcalc, g.cm-3 1.798 1.829 
µ(Mo Kα), cm-1 18.18 21.73 
F(000) 4312 2340 
temp (K) 100(1) 100(1) 




θ range (º) 2.34–23.82 2.23–28.75 
data collected (h,k,l) -25:25, -21:21, -24:24 -13:12, -23:21, -27:27 
min and max transm 0.6110, 0.8682 0.5853, 0.7960 
no. of rflns collected 56827 35327 
no. of indpndt reflns 14299 17806 
observed reflns Fo ≥ 4.0 σ (Fo) 8611 12330 
R(F) (%) 5.57 4.93 
wR(F2) (%) 15.51 13.64 
GooF 1.008 0.975 
weighting a,b 0.0688, 7.7991 0.0811, 0.0 
params refined 1206 1288 
min, max resid dens -1.4, 2.4(1) -0.7, 4.4(1) 
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Chapter 3 Hemilabile ansa-Cp-arene 
coordination and its relevance to catalysis 
 
From computational studies, it appears that efficient ethylene trimerisation catalysis by Cp-
arene titanium complexes hinges on the careful choice of an appropriately strong metal-
arene interaction, that allows stabilisation of (transient) coordinatively unsaturated species, 
while at the same time allowing displacement of the arene by an incoming ethylene 
molecule. Ligand systems that are able to adapt their coordination mode (e.g., denticity or 
hapticity) to the electronic or steric demands of the metal centre are designated as 
hemilabile. Most hemilabile ligands are multidentates that feature one pendant Lewis base 
moiety that is less strongly binding than the others, and that can readily and reversibly 
dissociate. Well-known examples are phosphine ligands that contain additional labile 
donors, such as O- or N-based functionalities.1-5 A recent study by Chomitz and Arnold on 
the coordination chemistry of a monoanionic [N2P2] ligand to transition metal dinitrogen 
complexes illustrates the ability of a hemilabile ligand to meet the demands of metals with 
different oxidation states or coordination geometries (A, Chart 3.1).6 Hemilabile ligands in 
which the substitutionally labile part is an arene moiety are less common, but a few 
examples are known and studies on arene exchange in transition metal complexes have 






























Given the importance of arene coordination in titanium catalysed ethylene trimerisation, 
this chapter describes the experimental determination of the strength of the metal-arene 
interaction in ansa-Cp-arene titanium complexes and how this affects the catalysis. These 





3.1. DETERMINATION OF ACTIVATION PARAMETERS FOR ARENE 
EXCHANGE 
Having established the ansa-Cp-arene binding motif in cationic complexes 3a-c and 3f in 
the solid state (Scheme 3.1 and Chapter 2), we set out to determine the strength of arene 
binding in this type of compounds in solution. Slippage or dissociation of the arene is 
proposed for the rate-determining step in ethylene trimerisation catalysed by these 
complexes,10-12 and therefore a better understanding of the factors that govern the Ti-arene 























































Scheme 3.1. Synthesis of cationic ansa-Cp-arene complexes of titanium(IV); solid state 
structure of the cation 3f (right). 
 
Variable-temperature 1H NMR studies on compound 3f (prepared in situ from 2f and 
[PhNMe2H][B(C6F5)4] in C6D5Br) showed that, due to the asymmetry induced by the SiMe3 
substituent, the resonances of the Me substituents on the coordinated arene moiety are 
inequivalent at low temperature (< 0 °C, slow exchange regime), but broaden and 
ultimately coalesce upon warming to ~ 40 °C (Figure 3.1). Determination of the 
coalescence temperature allows extraction of ∆G‡ for the process exchanging the two arene 
environments in 3f (Scheme 3.2).13 Although the resonances of the m-Me groups of the 
arene moiety are clearly inequivalent at temperatures below 0 ºC, the separation is not 
sufficient to obtain resolved crosspeaks in the 2D NMR spectrum. As a result, attempts to 
extract the enthalpic and entropic contribution to the observed free energy of activation by 
variable temperature EXSY NMR spectroscopy were not successful. Similarly, accurate 
lineshape analysis is hampered by the proximity of the resonances of the exchanging 
groups. 
 





Figure 3.1. 1H NMR spectrum of 3f (generated in situ from 2f/[PhNMe2H][B(C6F5)4] in 
C6D5Br at -25 ºC), with the inset showing the coalescence of the ArMe resonances upon 






















Scheme 3.2. Schematic representation of arene exchange in ansa-Cp-arene titanium 
cations. 
 
Encouraged by the stability of the cation 3f at relatively high temperatures (at least for 
the time required to collect the 1H NMR spectra), a series of complexes with a SiMe3 
substituent on the cyclopentadienyl part of the Cp-arene ligand was prepared (3d-3h, 
Scheme 3.1). These allow us to study the influence of (i) the electron-density in the pendant 
arene moiety and (ii) the nature of the bridging unit on the strength of the Ti-arene 
interaction. The cations were prepared on NMR scale as described in Chapter 2, and kept 
cold until inserted into the pre-cooled probe of the NMR spectrometer. For compounds 3e-
h, two distinct signals for the two sets of arene ortho- and/or meta-substituents are observed 
at -30 ºC. Variable-temperature 1H NMR spectroscopy was performed to determine the 





energy of activation for the dynamic process.13 It is presently unclear whether transient 
coordination of the anion or the solvent is involved in this process. If this is the case, it is 
expected to affect the various derivatives in a comparable way. Data for the activation 
energy for arene exchange in 3d-h are collected in Table 3.1. The cation 3d, with a C1 
bridge and unsubstituted arene moiety showed time-averaged 1H NMR resonances at -30 ºC 
in C6D5Br. The same result was obtained at -60 ºC (the lowest temperature that could be 
reached), using CD2Cl2 as a solvent, suggesting that the exchange is too fast on the NMR 
timescale to determine the activation energy for this system.  
 
Table 3.1. Coalescence temperature and corresponding activation energy (∆G‡Tc) for site 
exchange in 3d-3h.  
 
a generated in C6D5Br from 2d-2h and [Ph3C][B(C6F5)4 at -30 ºC, unless mentioned otherwise. b in 
CD2Cl2. c determined by 2D EXSY NMR spectroscopy. 
 
From a comparison of compounds 3d and 3f it is evident that there is a significant 
influence of the electron-density in the arene moiety. The slow exchange regime for 3d 
could not be reached (down to -60 °C in CD2Cl2 no sign of decoalescence is observed). 
Although it could be that the 1H NMR resonances for the ortho- and meta-CH groups of the 
phenyl rings in 3d are accidentally overlapped, the observation of equivalent 13C NMR 
resonances suggests that the exchange is fast at all temperatures we examined. From this, 
an upper limit for ∆G‡Tc of 45 kJ·mol-1 can be estimated, assuming the chemical shift 
difference in the slow exchange regime to be the same as found for 3f (14 Hz). Addition of 
two electron-donating methyl substituents in the 3- and 5-positions of the phenyl ring (3f), 
and keeping the bridging group the same, increases the barrier for site exchange with at 
least 22 kJ·mol-1 to ∆G‡Tc = 67.0(6) kJ·mol-1 for 3f.14 This is supported by the increase in 
∆G‡Tc of 3h compared to 3g. 
Changing the nature of the bridge from CMe2 (3f) to CH2 (3e) results in a weaker Ti-
arene interaction (∆G‡Tc = 54.3(3) kJ·mol-1 at -13.0 ºC). The stronger metal-arene 
interaction for 3f is most likely the result of a smaller Cp(Cipso)-Cbridge-Ar(Cipso) angle 
compared to 3e, due to increased steric interactions of the methyl substituents on the 
bridging carbon atom (Thorpe-Ingold effect).15 The activation barrier for arene exchange in 
cationa arene bridge Tc (ºC) ∆G‡Tc (kJ·mol-1) 
3d Ph CMe2 < -60b < 45 
3e 3,5-Me2Ph CH2 -13.0 54.3(3) 
3eb 3,5-Me2Ph CH2 -3.0 57.1(4) 
3f 3,5-Me2Ph CMe2 36.5 67.0(6) 
3g Ph CH2CMe2 > 80 74(1)c 
3h 3,5-Me2Ph CH2CMe2 > 100 > 81 




3e was shown to be slightly solvent-dependent, with ∆G‡Tc = 57.1(4) kJ·mol-1 at -3.0 ºC in 
CD2Cl2. Additionally, coalescence of the TiMe resonances was observed at +3 ºC in 
CD2Cl2 (∆G‡Tc = 59.5(5) kJ·mol-1). The exchange of the TiMe groups can only occur by 
inversion at the metal centre, a process for which the arene moiety needs to be completely 
detached. There apparently is only a modest additional barrier of 2.4 kJ·mol-1 to inversion. 
In the complexes with a C1 bridge linking the cyclopentadienyl and arene rings (3d-f) the 
observed arene exchange indicates hemilabile behaviour of the ansa-Cp-arene ligand.  
Changing the bridge length to C2 (3g and 3h) leads to complexes in which the Ti-arene 
interaction is sufficiently strong to prevent exchange on the NMR timescale, up to 
temperatures where decomposition occurs rapidly (80 and 100 ºC, respectively). For 3g, the 
ortho-H resonances of the pendant phenyl group are sufficiently separated to allow 
determination of the activation parameters by 2D EXSY NMR spectroscopy. 
Unfortunately, its limited stability at temperatures where exchange is conveniently 
monitored allowed us to obtain rate data only at a single temperature. Analysis of the 
EXSY spectra (at 18.4 ºC with 4 different mixing times) results in ∆G‡T = 74(1) kJ·mol-1. 
This value, together with the estimated lower limit for exchange in 3h (∆G‡Tc > 81 kJ·mol-1) 
indicates that there is a considerable increase in arene binding strength in comparison to the 
complexes with a C1 bridge. 
The experimental trends described here are in accord with a recent computational study 
on the influence of modifications in the electron-donating ability of the pendant arene group 
on the ethylene oligomerisation characteristics of related zirconium/hafnium catalyst 
systems. Specifically, the calculated transition state energies for ethylene uptake (which 
requires (partial) slippage of the pendant arene moiety) increase by 13.8 and 20.9 kJ·mol-1 
on going from Ar = Ph to Ar = 3,5-Me2Ph in the Cp-arene zirconium metalacycles [Ar-Z-
η5-C5H4]Zr(CH2)6 for Z = CMe2 and CH2CMe2, respectively.14 For the cationic d0 
zirconium arene adducts Cp*ZrMe2(η6-arene) (arene = benzene, toluene), exchange between 
coordinated and free arene was not observed by spin saturation experiments at -50 ºC in the 
presence of excess arene. At higher temperatures (0 ºC), the complex with a benzene ligand 
did show evidence for arene exchange, while this was not the case for the toluene analogue. 
From these data it was concluded that the substitution of a hydrogen (in benzene) by an 
electron-releasing methyl group (in toluene) results in stronger arene-metal bonding, but 
quantitative data are lacking.16 In a similar study, Hayes and Piers have prepared cationic d0 
scandium complexes supported by β-diketiminate ligands that form adducts with arenes, 
and arene exchange in these compounds was studied.17,18 Like in many dn (n ≠ 0) transition 
metal arene complexes,19-21 the exchange was shown to proceed via a rate-limiting slippage 
to a lower hapticity arene coordination. The exchange data presented here for ansa-Cp-
arene titanium(IV) cations are overall in good agreement with the trends that are anticipated 
based on literature data. Taken together with the X-ray crystal structures of 3b and 3c 
(Chapter 2), these results conclusively show that the longer C2 bridge allows strong ansa-
(η5-cyclopentadienyl,η6-arene) coordination, while the C1 bridge results in ‘constrained 
geometry’ complexes approaching ansa-(η5-cyclopentadienyl,η3-arene) coordination with 





3.2. CATALYTIC ETHYLENE TRIMERISATION 
Calculations on the catalytic cycle for ethylene trimerisation using the cationic Cp-arene 
titanium system suggest that rate-limiting insertion of ethylene into a five-membered 
metalacycle involves a certain degree of dissociation of the pendant arene moiety (Scheme 
3.3).10-12 Related zirconium/hafnium systems have been calculated (although with 
experimental studies lacking it is not entirely clear that these may indeed enter the redox 
cycle that is proposed for titanium-catalysed ethylene trimerisation), and the barriers for 
crucial steps in the catalytic cycle were shown to be very sensitive to the donor-ability of 
the coordinated arene group.14 The marked dependence of activation energies for arene 
exchange on ligand modifications described in the previous section should therefore have a 




Scheme 3.3. Rate limiting insertion of ethylene into a five-membered titanacycle occurs by 
partial dissociation of the pendant arene moiety. 
 
The performance of the catalyst systems 1d-g/MAO in ethylene trimerisation was 
evaluated. Recent studies aimed at reducing the amount of polymer formed in the reaction 
indicated that the degree of alkylation at the titanium centre has a substantial influence on 
the productivity and selectivity. Specifically, the performance of precatalysts of the general 
formula [Cp-arene]TiMenCl3-n was shown to increase on going from n = 0 to n = 3.22 Thus, 
in the catalytic trimerisation experiments with titanium trichloride complexes activated with 
MAO described here, we employed the ‘premix’ procedure that was found to give 
improved results for related systems.22 Using this procedure, the titanium trichloride 
precatalyst is (partially) alkylated by reaction with MAO (250 equiv) before it is injected 
into the autoclave. The results for the ethylene trimerisation studies are shown in Table 3.2. 
A comparison of runs 1-5 reveals that all precatalysts with a C1 bridge (1d-f) produce 1-
hexene with good selectivity (> 92.5% C6, which consists of > 99.5% 1-hexene) upon 
activation with MAO. The C2-bridged compounds make very little (1g) or no (1h) 1-hexene 
under the same conditions, while also no significant amounts of polymer are obtained. Due 
to the strong Ti-arene interaction in the latter two systems (vide supra), the Cp-arene ligand 
loses its hemilabile character and consequently the catalytic activity is quenched. Since the 
rate-determining step in the catalysis involves (partial) dissociation of the pendant arene, 
weak arene binding should provide the most active catalyst. Although the initial kinetics 
appear to be the fastest for 1d/MAO, the optimum productivity over the full 15 min runtime 
is achieved with 1f/MAO, suggesting that the stability imparted by a stronger Ti-arene 




interaction is important to stabilise the active species and prevent catalyst decomposition. 
The trimerisation activity of the titanium trimethyl complexes 3d-3h (generated in situ from 
2d-h/[R2NMeH][B(C6F5)4]; R = C16H31–C18H35R) is somewhat higher than that for the 
corresponding trichlorides/MAO, except for 3e, which makes predominantly polyethylene. 
This increase in activity is in line with previous studies that showed that a higher degree of 
alkylation results in better catalytic performance.22 The reason for the difference in catalytic 
ethylene conversion for 1e/MAO compared to 3e is as yet unclear. However, the ethylene 
uptake profile for run 7 shows a rapid decay of activity in the first minute, which is 
followed by an increase in ethylene consumption after ca. 2 min, which may suggest that a 
decomposition product of 3e is responsible for the polymer formation.  
 
Table 3.2. Catalytic ethylene conversion with the 1d-h/MAO and 3d-h catalyst systems.  
run catalysta C6b (g) PE (g) C6 selectivity 
(wt%) 
C6 productivityc 
1 1d/MAO 12.5 0.21 98.3 997 
2 1e/MAO 2.5 0.20 92.5 197 
3 1f/MAO 20.0 0.10 99.5 1602 
4 1g/MAO 0.3 0.05 85.9 23 
5 1h/MAO none 0.17 - - 
6 3d 7.8 0.27 96.7 1045 
7 3e 0.4 4.19 9.6 59 
8 3f 20.6 0.18 99.1 2747 
9 3g 0.3 0.21 56.9 37 
10 3h none 0.27 - - 
a 1d-h: 5 µmol catalyst precursor, premixed with 250 equiv MAO, total 500 equiv MAO, 10 bar, 30 
ºC, 15 min. 3d-h: 3 µmol catalyst precursor (2d-h), 1.05 equiv ammonium borate 
[R2NMeH][B(C6F5)4], 40 mg MAO scavenger, 10 bar, 30 ºC, 15 min. b >99.5% 1-hexene. c in 
g(C6)·mmol(Ti)-1·bar-1·h-1. 
 
Several related ligand modifications were studied in our group previously, and the results 
presented here are in agreement with general trends gleaned from these experiments.23 
Although ligand substituent effects are non-additive and there appears to be a delicate 
balance in activity and stability leading to optimal catalyst productivity, it is clear that the 
hemilabile behaviour of the pendant arene moiety is crucial to obtain a good catalyst. It 
should be noted here that also other pendant donor groups have been used to obtain 





ligands bearing a thienyl substituent the trimerisation activity was shown to be highly 
dependent on the position of the (potentially) coordinating S atom (2-thienyl vs. 3-thienyl), 
indicating that in this case η1-S coordination predominates over η5-coordination of the 
thienyl ring.24 Also, half-sandwich titanium complexes with pendant ethereal groups have 
been reported,25 but in both cases the ethylene trimerisation activities are orders of 
magnitude lower than for the Cp-arene titanium systems. 
 
3.3. COMPUTATIONAL STUDIES ON ANSA-CP-ARENE TITANIUM(IV) 
COMPLEXES 
3.3.1. Optimised geometries and molecular orbital analysis 
The ansa-Cp-arene titanium dimethyl cations were studied by DFT calculations (the 
anions were omitted, see Experimental Section for details). A series of computational 
papers has appeared that focused on the energetic landscape of titanium-catalysed ethylene 
trimerisation,10-12 the influence of changing the metal centre to Zr/Hf,14,26 as well as 
different substituents on the pendant arene moiety (for M = Zr).14 With the experimental 
trends in metal-arene interaction strength in hand, we feel that a detailed analysis of the 
factors governing the metal–arene interaction by computational methods is appropriate. The 
optimised structures of the cationic titanium complexes (3a’-3c’) adopt the ansa-Cp-arene 
coordination geometry, in overall agreement with the X-ray crystal structures of 3a-c 
described in Chapter 2. The main difference lies in the Ti-C(arene) bond distances, which 
are on average larger by 0.16 and 0.14 Å for 3b’ and 3c’, respectively. The energy 
associated with this elongation is small: the calculated energy of 3b’ using Ti-C(arene) 
bond lengths found in the X-ray structure is only 1.3 kcal·mol-1 higher in energy compared 
to the fully optimised structure. This highlights the relative insensitivity of the metal-arene 
interaction (‘softness’) to small geometrical changes. Nevertheless, more pronounced 
differences are expected for the ligand modifications described above (e.g., C1 vs. C2 
bridge) and attempts to obtain a better understanding from a theoretical viewpoint are 
discussed below.  
Analysis of the frontier molecular orbitals shows the isolobal relationship between the 
‘naked’ ansa-Cp-arene titanium(IV) fragment [η6-Ar-Z-η5-C5H4]Ti3+ (Ar = 3,5-Me2Ph; Z = 
CMe2 (Ti(b)3+); Z = CH2CMe2 (Ti(c)3+)) and the well-known bent metallocenes (Figure 
3.2).27,28 The molecular orbitals for Ti(b)3+ and Ti(c)3+ have very similar shapes and 
relative energies (only those for Ti(b)3+ are shown here). The LUMO of Ti(b)3+ is the 
equivalent of the 1a1 orbital in C2v symmetric bent metallocenes. For comparison, we have 
calculated the structure of the analogous ‘naked’ titanium(IV) ansa-metallocene complex 
H2C(η5-C5H4)2Ti2+ at the same level of theory (Figure 3.2). The energy of the frontier 
molecular orbitals in H2C(η5-C5H4)2Ti2+ is higher by ~4 eV compared to Ti(b)3+, due to the 
difference in charge (Ti(b)3+ is considerably more electrophilic). The interaction between a 
bent metallocene fragment and two additional anionic σ-donor ligands, e.g. Cl- or Me-, has 




been explained based on MO considerations in the seminal work of Lauher and 
Hoffmann,27 and a similar analysis applies for the complexes described here. Thus, the 
bonding of two Me groups such as in the titanium(IV) dimethyl cations studied in this work 
(3a-h) occurs mainly by interaction with the orbital that is the equivalent of the b2 orbital in 
bent metallocenes, resulting in a MO scheme as shown in Figure 3.3.  
 
 
        
              LUMO: -17.0           LUMO+1: -16.7         LUMO+2: -15.5 
        1a1       b2        2a1 
                
              LUMO: -13.1           LUMO+1: -12.8         LUMO+2: -11.7 
Figure 3.2. Frontier molecular orbitals of [η6-Ar-CMe2-η5-C5H4]Ti3+ (Ti(b)3+, top), H2C(η5-













Figure 3.3. Molecular orbital interaction scheme for bonding of two σ-donor ligands (Me-) 
to [ansa-Cp-arene]Ti3+ (symmetry labels as for C2v symmetric bent metallocenes). 
 
3.3.2. Charge decomposition analysis 
Donor-acceptor complexes of transition metals may be described by the Dewar-Chatt-
Duncanson model for coordination of π-conjugated ligands to a transition metal centre.29,30 
In principle there are two contributions to such an interaction: (i) donation from a filled 
ligand orbital into an empty orbital on the metal, and (ii) backdonation from an occupied 
metal d-orbital into an empty π*-orbital of the ligand (Figure 3.4). The titanium dimethyl 
cations discussed here and in Chapter 2 consist of a titanium(IV) metal centre (lacking d-
electrons), and the most prominent interaction of the CpTiMe2+ fragment with the arene 
moiety is expected to involve donation from the arene π-system into an empty metal d-
orbital.  
Analysis of the donor-acceptor interaction was performed using the charge 
decomposition analysis (CDA) method developed by Frenking and co-workers (see 
Experimental Section for details).31,32 This partitioning scheme has been found useful in the 
analysis of donation and backdonation interactions in transition metal complexes.32 In this 
context it is important to realise that the absolute values obtained from the CDA scheme are 
not very meaningful (for instance, the values are quite sensitive to the choice of basis 




set).33,34 Nevertheless, the analysis of a series of related compounds that are calculated 
















Figure 3.4. Schematic representation of the Dewar-Chatt-Duncanson bonding model for a 
generic metal-olefin complex. 
 
Here, we use the CDA method to evaluate the relative amount of donation from the arene 
ligands to the metal centre in representative ansa-Cp-arene titanium dimethyl cations (for 
the sake of completeness, also the ‘naked’ complexes Ti(b)3+/Ti(c)3+ were included). We 
chose to focus on ligand modifications that were experimentally shown to induce the 
largest difference in arene binding strength. More specifically, we have studied complexes 
that have the same bridge (CMe2) but differ in the arene part (Ar = Ph, 3a’ vs. 3,5-Me2Ph, 
3b’), as well as complexes that have the same arene moiety (3,5-Me2Ph) but different 
bridge lengths (Z = CMe2, 3b’  vs. CH2CMe2, 3c’). For the charge decomposition routine, 
the complex has to be described by two separate parts (donor/acceptor). Here we take the 
arene moiety as the donor fragment, while the acceptor fragment consists of the titanium 
atom with cyclopentadienyl and methyl ligands. The DFT optimised geometry of the 
respective ansa-Cp-arene titanium species was taken and the cyclopentadienyl-arene ligand 
was split by removing the bridging atom(s), as depicted schematically in Scheme 3.4. A 
hydrogen atom was added to the cyclopentadienyl and arene moieties at the position of the 
bridge in order to obtain closed-shell fragments. The complexes thus obtained (IIIa-c) were 
used without further optimisation to model the geometries of various ansa-Cp-arene 
coordinated titanium cations. In addition, the structure of [Cp][η6-1,3,5-Me3C6H3]TiMe2+ 
was optimised for comparison, which converges to a minimum on the potential energy 
surface that has a geometry that is similar to the C2-bridged complex 3c or structurally 
characterised analogues without bridging atom (e.g., Cp(centroid)-Ti-Ar(centroid) angle: 
III”: 134.4°; 3c: 130.9°; Cp’(η6-toluene)HfMe2+: 134°).16,35 The charge decomposition 
procedure we employed gives a measure of (fragment) molecular orbital interactions 
between the two closed-shell fragments as a result of complex formation, for which four 
terms (d, b, r and ∆) are obtained. The donation term d is due to mixing of occupied orbitals 
on the arene fragment with unoccupied orbitals on the CpTiMe2+ fragment; the 





remaining terms r (repulsive polarisation) and ∆ (non-classical rest term) are caused by 
interaction between filled and empty orbitals of both fragments, respectively. This last term 
should be vanishingly small in case of a true donor-acceptor complex: if not, the compound 
is more appropriately described by the interaction of two open-shell fragments (i.e., with a 
covalent bond). Results of the charge decomposition analysis for these compounds are 


















Z = CMe2; R = H (3a')
Z = CMe2; R = Me (3b')


















Table 3.3. Charge decomposition analysis of the metal-arene interaction. 
L = arene d (e) b (e) r (e) ∆ (e) d/b Eba 
Ti(b)3+ 0.666 0.062 -0.543 -0.005 10.7 161.3 
Ti(c)3+ 0.669 0.040 -0.208 -0.037 16.7 192.3 
IIIa 0.345 0.068 -0.721 -0.044 5.1 -16.2 
IIIab 0.549 0.048 -0.696 -0.020 11.4 -10.7 
IIIb 0.569 0.051 -0.702 -0.020 11.2 -4.3 
IIIc 0.644 0.063 -0.288 -0.038 10.2 39.2 
III” 0.663 0.059 -0.255 -0.046 11.2 46.6 
a the total bonding energy is the difference between the sum of the two fragments and the complex 
(kcal·mol-1). b calculated using the geometry of IIIb, but without methyl substituents on the arene. 
 
As anticipated, from the CDA results it is clear that for the d0 titanium(IV) cations 
described here, the largest contribution to the bonding is due to interaction between the 
occupied arene orbitals with empty metal-based orbitals (d), and the amount of 
backdonation b is negligible (d/b > 10). The situation is quite different for titanium(II) 




species, and a detailed analysis of these will be presented in Chapter 4. The total arene→Ti 
donation d is highest for species that represent the C2 bridged Cp-arene compounds (Ti(c)3+ 
> Ti(b)3+; IIIc > IIIb). The largest individual orbital contributions to the donation term d 
for the dimethyl titanium(IV) complexes IIIb/c are located in the HOMO-4 and HOMO-5 
(Figure 3.5). Inspection of these orbitals reveals that the metal-arene interaction is mainly 
the result of overlap of the filled π-system of the aromatic ring with empty d-orbitals on the 
titanium centre. Moreover, a comparison of these orbitals in IIIb and IIIc reveals that the 
strained ansa-Cp-arene coordination for the C1-model compound IIIb leads to a most 
pronounced decrease in arene→Ti donation due to the HOMO-5. This particular orbital has 
prominent contributions from the arene π-system that is delocalised over the meta- and 
para-positions of the C6 ring. The strained ansa-Cp-arene coordination in complexes with a 
C1 bridge prevents a close approach of this part of the arene ring to the metal centre. 
 
            
              IIIb                    IIIc  
   HOMO-4 (0.142)                HOMO-5 (0.062)            HOMO-4 (0.168)      HOMO-5 (0.116) 
Figure 3.5. Representation of orbitals that are mainly involved in the donation term d in 
ansa-Cp-arene titanium(IV) cations, and their contribution to d (between brackets). 
 
The difference in energy between the separated fragments and the complex allows an 
evaluation of the total bonding energy of the interaction. Analysis of these bonding energies 
(Eb, Table 3.3) shows that there is a large increase in metal–arene binding strength on going 
from a complex with C1 bridge (IIIb), via C2 (IIIc), to a compound without ansa-bridge 
(III”). The negative value for IIIb is puzzling at first sight, but this is likely related to the 
fact that the hydrogen atoms that are added after fragmentation of the ligand give rise to 
some steric repulsion. In any case, the 43.5 kcal·mol-1 difference in binding energy by 
changing the nature of the bridge is primarily associated with the degree of orbital overlap 
between the CpTiMe2+ and arene fragments. There is only a minimal effect of the energy 
and geometry of the individual fragments in IIIb vs. IIIc: the geometries of the fragments 
are superimposable and the energies virtually identical (within 3 kcal·mol-1). 
The optimised geometry of  3a’, for which Ar = Ph instead of 3,5-Me2Ph, has Ti-





compared to those in 3b’ (2.498-3.119 Å). As a consequence, the charge decomposition 
analysis on IIIa (derived from 3a’) shows the arene to be a worse donor (d = 0.345 e vs. 
0.569 e in IIIb). To exclude the effect of changes in the ansa-Cp-arene bonding geometry, 
we additionally performed the charge decomposition analysis for IIIa with all Ti-C(arene) 
distances kept the same as in IIIb. As expected, the resulting donor-ability is lowered (d = 
0.549 e) compared to IIIb due to the decrease in electron-density in the arene ring, and the 
metal-arene interaction becomes weaker (∆Eb = 6.4 kcal·mol-1).  
 
3.4. CONCLUSIONS 
The quantitative information on the barrier for site exchange in desymmetrised ansa-Cp-
arene titanium(IV) cations obtained by variable-temperature and 2D NMR spectroscopy 
corroborates that the metal-arene interaction strength increases considerably when changing 
from C1- to C2-bridged compounds, such that the hemilabile character is effectively 
quenched. The computational results given here provide a rationale in terms of orbital 
overlap for the pronounced dependence of the arene binding strength on the bridge length 
between the cyclopentadienyl and arene fragments. Smaller effects were observed for 
variations in arene and bridge substituents. The catalytic ethylene trimerisation studies 
reveal a trend that is consistent with the view that ethylene insertion into metalacyclic 
intermediates is rate-limiting and involves (partial) dissociation of the coordinated arene. 
Nevertheless, differences in overall catalytic performance that result from small changes in 
ligand structure are additionally complicated by stability issues. The rational design of 
improved Cp-arene titanium catalysts for ethylene trimerisation is therefore not 
straightforward, as it should also involve features that improve catalyst stability, and the 
nature of the catalyst decomposition process is unknown as yet. Nevertheless, it is clear that 














3.5. EXPERIMENTAL SECTION 
General Considerations. For experimental details, see the Experimental Section in 
Chapter 2. In addition: Ethylene (AGA polymer grade) was passed over BASF R3-11 
supported Cu oxygen scavenger and molecular sieves (Aldrich, 4 Å). [R2NMeH][B(C6F5)4] 
(R = C16H31–C18H35, 6.2 wt% B(C6F5)4- in Isopar, Dow Chemicals), and MAO (4.9 wt% Al 
in toluene, Akzo Nobel) were used as received. Variable temperature NMR spectra were 
recorded on a Varian Inova 500 spectrometer. Coalescence temperatures were determined 
on equilibrated samples (allowing ca. 10 min for the temperature to stabilise). Sample 
temperatures were determined using a Pt-100 resistance that was inserted at the sample 
position in the probe. EXSY spectra were acquired using a modified NOESY pulse 
sequence (incorporating an additional z-gradient during mixing time τmix). In the indirectly 
detected dimension 256 complex points were collected with 2 scans and 2048 points per 
increment. Zero-filling was applied to obtain 2048 × 2048 data points, and Gaussian line-
broadening was applied in both dimensions prior to Fourier transformation. Integration of 
the EXSY spectra recorded at 18.4 ºC with mixing times of 0.4, 0.7, 0.8 and 0.9 s was 
performed using the Gaussian fit routine implemented in Sparky.36 Using Mathematica 
5.2,37 cross-peak volumes of the spectra were normalised (Ix/Id) and the data points were 
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General procedure for trimerisation experiments. In the glovebox, (pre-)catalyst stock 
solutions were made (1d-1h: 50 µmol; 2d-2h: 30 µmol) in 10 mL of toluene and stored at   
-30 ºC. From these solutions, 1.0 mL portions were used for trimerisation experiments. All 
trimerisation runs were performed in a 1.0 L stainless steel autoclave, pre-dried under 
reduced pressure, charged with 200 mL of dry toluene, equilibrated at 30 ºC, and 
pressurised with 10 bar of ethene. For the runs with trichlorides 1d-1h, 250 equiv of MAO 
were injected first into the autoclave (using a pneumatically operated injector). In the 
glovebox, the catalyst solution was mixed with 250 equiv of MAO and rapidly (within 1 
min after mixing) injected into the autoclave (total Al/Ti ratio = 500). For the runs with 2d-
2h, 1.05 equiv of  [R2NMeH][B(C6F5)4] (R = C16H31–C18H35, 6.2 wt% B(C6F5)4- in Isopar, 
DOW Chemicals) mixed with ca. 40 mg of MAO as scavenger, were injected first. The 
reaction was started by injecting the solution of the titanium trialkyl (2d-2h). The ethene 
pressure was kept constant during the reaction by replenishing flow. The reactor was stirred 
for 15 min, a known amount of cyclohexane was injected, after which a sample of the 
liquids was taken for GC analysis. The reactor was vented, the polymeric material 
collected, washed with acidified ethanol and dried in a vacuum oven at 80 ºC. Integration of 
the cyclohexane and 1-hexene peaks in the GC from the liquid samples gives the amount of 





Computational Studies. Calculations were performed with the Gaussian03 program using 
density functional theory (DFT).39 Geometries of the cations 3a-c were fully optimised 
starting from the X-ray structures using the B3LYP exchange-correlation functional with 
the LANL2DZ basis set on the metal centre, and 6-311G(d) basis sets on all other atoms. 
The anions were omitted in the calculations. Optimisations were performed without 
(symmetry) constraints, and the resulting structures were confirmed to be minima on the 
potential energy surface by frequency calculations (number of imaginary frequencies = 0). 
Charge decomposition analysis was performed using the CDA program by Dapprich and 
Frenking.40 The input for the CDA program was generated from single point calculations 
on the appropriate species (without bridging atoms, as described in the main text) with 
double-ζ basis sets used throughout (LANL2DZ on the metal, 6-31G(d) on all non-metal 
atoms). Geometry optimisation of 3b using double-ζ basis sets on all atoms resulted in a 
structure with metrical parameters that are virtually identical to the ones obtained using 6-
311G(d) on the non-metal atoms. For visualisation of the computed structures and 
molecular orbitals the program MOLEKEL 4.3 was used.41  
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Chapter 4 ‘Low-valent’ complexes of 
titanium with ansa-Cp-arene ligands 
 
A key intermediate in ethylene trimerisation catalysed by cyclopentadienyl-arene titanium 
complexes is a low-valent titanium(II) species.1-3 The coordination of the pendant arene 
moiety is presumed to provide additional stabilisation to this highly reactive species. 
Indeed, group 4 metal complexes in their +2 oxidation state are rare and highly reactive.4,5 
As an example, the parent titanocene, Cp2Ti, has been long sought after, but never isolated 
due to its extreme reactivity.6 The metal centre in titanocene(II) species may be stabilised 
by coordination of π-acidic ligands (e.g., CO, phosphine, ethylene, butadiene, acetylene) to 
give complexes with a bent metallocene structure (A). Introduction of sterically more 
demanding cyclopentadienyl derivatives has allowed the structural characterisation of linear 
titanocenes without additional ligands (Chart 4.1, B).7,8 Taking advantage of the highly 
reducing nature of low-valent metallocenes, coordination of dinitrogen to these metal 
centres has been achieved. Recently, Chirik and co-workers showed that, upon coordination 
to a homogeneous zirconocene(II) complex, hydrogenation and cleavage of dinitrogen is 
feasible.9 This elusive transformation is facilitated by the side-on coordination of the N2 
ligand.10 Although several end-on bound titanocene N2 dimers are known, only very 
recently side-on coordination to titanium was realised (C).11 With the recent discovery of a 
monomeric bis(dinitrogen) titanocene complex,11 as well as related mono(dinitrogen) and 
CO adducts (D),12 the family of well-characterised low-valent group 4 metal complexes has 
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In Chapter 3, we established computationally the isolobal relationship between the ansa-
Cp-arene titanium fragment and its metallocene counterpart. Based on this, we anticipated 
that ansa-Cp-arene titanium(II) compounds analogous to titanocene(II) might be accessible. 
This chapter provides a combined experimental and computational study on the role of the 





4.1. SYNTHESIS OF ANSA-CP-ARENE TITANIUM(II) CATIONS  
4.1.1. Attempted preparation of half-sandwich Cp-arene titanium 
butadiene complexes 
Given the literature examples of isolable titanocene(II) complexes stabilised by π-acidic 
ligands, we decided to investigate the accessibility of the analogous ansa-Cp-arene 
complexes. Our initial focus was on the synthesis of Cp-arene complexes of titanium with 
butadiene ligands. It is known that butadiene ligands are well-suited to stabilise early 
transition metal complexes in low oxidation states. This can be attributed to the fact that the 
binding of the butadiene ligand lies in between the limiting σ2,π (metalacyclopentene) and 
π,η4 (diene) resonance contributions (Scheme 4.1). The σ2,π structure is related to the π,η4 
mode by oxidative addition to the metal centre, with concomitant reduction of the diene to a 
but-2-ene-1,4-diyl dianion. For the half-sandwich complex Cp*Ti(butadiene)Cl, 
spectroscopic and structural features indicate substantial π,η4 character in the binding of the 






















Scheme 4.1. Attempted synthesis of titanium butadiene complexes with Cp-arene ligands.  
 
The ability of butadiene ligands to stabilise low-valent early transition metal complexes 
was shown for the scandium 1,3-diene complex [η6:η1-C5H4(CH2)2NMe2]Sc(diene) (diene = 
2,3-dimethyl-1,3-butadiene) that serves as precursor for a Sc(I) fragment by liberation of 
the butadiene.16 We anticipated that, in a similar way, cationic titanium compounds of the 
type [ansa-Cp-arene]Ti(diene)+ might provide a general entry into the chemistry of [ansa-
Cp-arene]Ti(II)+ (Scheme 4.1).  
Attempts to form the desired half-sandwich titanium complex [Ar-CMe2-η5-
C5H4]Ti(diene)R (Ar = 3,5-Me2Ph; R = Cl, Me; diene = 2,3-dimethyl-1,3-butadiene) by 
reaction of [Ar-CMe2-η5-C5H4]TiCl2R with (diene)Mg·(THF)2 at -50 ºC in THF or toluene 
resulted, after slow warming to room temperature and extraction with pentane, in a black 
tar. 1H NMR analysis of the crude reaction mixtures indicated the presence of the desired 
compounds, as seen e.g. from the characteristic doublets of the diene methylene syn and 
anti protons (for R = Me) at δ 2.82 and 0.99 ppm, respectively, with 2JHH of 8.4 Hz 
(Scheme 4.1). On the basis of 1H NMR integration of these complexes versus the residual 




solvent peak it seems, however, that the majority of the species in solution is paramagnetic. 
We were unable to improve the reaction conditions and obtain the titanium butadiene 
complexes in pure form. It should be noted that, although Cp*Ti(diene)Cl can be prepared  
using this procedure in ca. 40-60% yield,14 analogous complexes that lack substituents on 
the cyclopentadienyl moiety are absent from the literature. We therefore tentatively 
conclude that the mono-substituted cyclopentadienyl ligands used here do not provide 
sufficient steric protection to impart reasonable stability to the intermediate(s) that are 
formed during synthesis of the complex.  
Examples of other monocyclopentadienyl group 4 metal complexes in their +2 oxidation 
state with ligands other than butadiene are exceedingly rare. Ellis and co-workers described 
the synthesis of Cp*M(CO)2(dmpe)Cl (M = Ti, Zr, Hf; dmpe = Me2PCH2CH2PMe2).17 The 
stability of these was shown to dramatically decrease in the order Hf > Zr > Ti, such that 
for M = Hf the complex could be isolated and crystallographically characterised, whereas 
attempts to isolate the titanium analogue led to extensive decomposition. Similar complexes 
with unsubstituted cyclopentadienyl ligands have also been reported, but also in this case 
the titanium derivative could not be prepared.18 A few examples of half-sandwhich 
titanium(II) complexes of the type CpTiR(dmpe) (R = Cl, Me, H)  have been reported, but 
their chemistry has not been studied extensively.19 In addition, the titanium(II) compounds 
TiCl2(tmeda)2 (tmeda = Me2NCH2CH2NMe2),20  TiCl2(pyridine)4,21 and TiMe2(dmpe)222 
have been synthesised and structurally characterised. Although these compounds could be 
regarded as convenient starting materials for derivatisation (e.g., by salt metathesis or 
alkane elimination methodology), no examples of such transformations exist in the 
literature. Our attempts to react TiCl2(tmeda)2 with [Ar-CMe2-C5H4]Li or Ar-CMe2-
C5H4SiMe3 to generate “[Ar-CMe2-C5H4]TiCl(tmeda)x” invariably led to intractable black 
reaction mixtures, probably due to decomposition of the starting material: the low solution 
stability of TiCl2(tmeda)2 has been noted previously.20 
 
4.1.2. Synthesis of ‘low-valent’ ansa-Cp-arene titanium complexes with 
carbonyl ligands 
Based on the isolobal relationship between the ansa-Cp-arene titanium cations described 
in Chapters 2 and 3 and their neutral metallocene analogues, we felt that low-valent ansa-
Cp-arene titanium(II) species may be accessible starting from a complex in which the ansa-
coordination is already present. The synthesis of a large portion of characterised 
titanocene(II) complexes involves the reduction of a titanocene(IV) halide of the type 
Cp2TiX2 (X = Cl, Br, I) with strong reductants (e.g., Na/Hg) in the presence of a suitable 
ligand, such as CO, acetylene, etc.23,24 A similar approach to generate the corresponding 
ansa-Cp-arene titanium(II) cations would be extremely challenging, since it would require 
a soluble, cationic ansa-Cp-arene titanium halide species of the type [ansa-Cp-arene]TiX2+. 
Clearly, the solvents that are typically used to dissolve such ionic species (bromobenzene, 
dichloromethane) are incompatible with the strong reductants that are required to reach the 





Alternatively, the titanocene(II) complex Cp2Ti(CO)2 has been prepared starting from 
titanocene dialkyl compounds.25 Brintzinger and co-workers found that treatment of 
Cp’2TiMe2 (Cp’ = Cp, Cp*) with H2 gives the dimeric compounds (Cp’2TiH)2 or (Cp’2Ti)2, 
depending on the reaction conditions, which both rapidly react with CO to give good yields 
of the titanocene dicarbonyl.26,27 Floriani and co-workers have reported that Cp2Ti(CO)2 is 
generated by carbonylation of Cp2Ti(CH2Ph)2 under mild conditions. Based on the 
observation of dibenzylketone as a reaction product, an acyl intermediate was postulated.28 
Also Cp2TiMe2 is conveniently converted to Cp2Ti(CO)2 via an acyl species upon treatment 
with CO, with concomitant formation of acetone.29,30  
Along similar lines, the reaction of the titanium(IV) dimethyl cation 3b with CO results 
in the formation of the cationic dicarbonyl species {[η6-Ar-CMe2-η5-
C5H4]Ti(CO)2}[B(C6F5)4] (5b) (Scheme 4.2). Monitoring the reaction of 3b with 1 bar of 
CO in C5D5Br solution by 1H NMR spectroscopy shows full consumption of the starting 
material within 10 minutes. Although the reaction is not clean, the dicarbonyl species is the 
major product (the side products have not been identified). Complex 5b precipitates as red 
crystals from the C6D5Br solution upon standing at room temperature overnight. 
Alternatively, and with higher yield, 5b is prepared by treatment of solid 3b with excess 
CO. The orange colour of the starting material gradually darkens to red in the course of 3 
days and 1H NMR analysis of the crude reaction mixture indicates a greater purity 





















Scheme 4.2. Synthesis of {[η6-Ar-CMe2-η5-C5H4]Ti(CO)2}[B(C6F5)4] (5b). 
 
To determine the fate of the Ti-Me groups in 3b, wet C6D5Br was added to an NMR tube 
containing the crude reaction mixture of the reaction of solid 3b with CO (see Experimental 
Section for details). The 1H NMR spectrum taken immediately after mixing showed the 
presence of 5b and acetone (δ 1.81 ppm). When dry C6D5Br is added or when the reaction 
is carried out in dry C6D5Br solution, no acetone is observed. We propose that the acetone 
that is formed reacts with either starting material or product to give an unknown 
(paramagnetic) species, hydrolysis of which liberates acetone. It thus appears that the 
reactivity of the ansa-Cp-arene titanium dimethyl cation towards CO follows a pathway 
that is analogous to that found in the carbonylation of dialkyl metallocenes of the group 4 
triad.25,28,30,31 




The 1H NMR spectrum of 5b in C6D5Br is consistent with a Cs symmetric compound, 
and shows resonances for the arene moiety at δ 5.00 (p-H) and 4.38 ppm (o-H). The 
corresponding signals in 3b are found at δ 7.02 and 5.91 ppm, respectively.32 The upfield 
shift for the arene resonances suggests (at least partial) reduction of the arene ring in 5b. 
Also, in the 13C NMR spectrum the resonances for the C6 ring are located significantly 
upfield from the aromatic region (δ 102.6/100.3/86.8 ppm for Cortho/Cpara/Cipso). The crystal 
structure of 5b (Figure 4.1, pertinent interatomic distances and bond angles in Table 4.1) 
also shows an ansa-Cp-arene geometry, related to 3b. But in marked contrast to the 
titanium(IV) dimethyl cations like 3b and others described in Chapter 2, the Ti-Cpara bond 
(2.395(4) Å) is shorter than the Ti-Cmeta distances (av. 2.472 Å), and the C6 ring is not 
planar, with folding along the C(19)-C(112) axis of 10.2(3)°. In addition, the Cortho-Cmeta 
distances in the ring are noticeably shorter (1.387(6) and 1.396(6) Å for C(110)-C(111) and 
C(113)-C(114), respectively) than the other C-C bonds (av. 1.419 Å), which indicates a 
considerable degree of π-localisation in the C6 ring (Table 4.2). Taken together, these data 
are indicative of contribution of the Ti(IV)/dienediyl resonance structure depicted in 
Scheme 4.2 (structure B).  
A few related ‘unbrigded’ arene complexes of group 4 metals have been reported and 
show substantially larger fold angles in the range of 20-30°.33-36 Stephan and co-workers 
have shown that Mg reduction of the phosphinimide complexes Cp’Ti[NPtBu2(2-biphenyl)] 
(Cp’ = Cp, Cp*) results in complexes that coordinate the pendant arene ring of the biphenyl 
substituent. In these compounds, the fold angle (25.3-25.9°) is consistent with a 
Ti(IV)/reduced arene formulation.37 The strained ansa-Cp-arene coordination in 5b 
(evident from the very acute C(15)-C(16)-C(19) angle of 94.3(3)º) precludes optimal 
overlap between metal d- and arene π*-orbitals. Consequently, the degree of reduction of 
the arene is lower than that of titanium(II) species without strained arene coordination.  
 
 
Figure 4.1. Molecular structure of 5b showing 50% probability ellipsoids. The B(C6F5)4 





Table 4.1. Selected bond distances (Å) and angles (º) for 5b. 
Ti(1)–C(117) 2.091(5) C(117)–O(11) 1.135(5) 
Ti(1)–C(118) 2.100(5) C(118)–O(12) 1.129(6) 
Ti(1)–Cg(Cp) 1.994(2) Ti(1)–Cg(Ar) 1.9341(16) 
Ti(1)–C(11) 2.291(5) Ti(1)–C(19) 2.264(4) 
Ti(1)–C(12) 2.382(4) Ti(1)–C(110) 2.372(4) 
Ti(1)–C(13) 2.391(4) Ti(1)–C(111) 2.466(3) 
Ti(1)–C(14) 2.299(5) Ti(1)–C(112) 2.395(4) 
Ti(1)–C(15) 2.270(3) Ti(1)–C(113) 2.478(4) 
C(15)–C(16)–C(19) 94.3(3) Ti(1)–C(114) 2.373(4) 
Cg(Cp)–Ti(1)–Cg(Ar) 130.60(8) αa 57.6(3) 
φCpb 15.3(3) φArb 21.8(2) 
τCpc 4.2(2) τArc 3.99(13) 
a α is the interplanar angle between the least-squares planes of the cyclopentadienyl and arene rings. b 
φCp / φCp is the angle between the Cipso-C(16) vector and the least-squares planes of the 
cyclopentadienyl / arene rings, respectively. c τCp / τAr is the angle between the Ti(1)-Cg(Cp) / Ti(1)-
Cg(Ar) vector, respectively, and the ring normal. See also Chapter 2, Figure 2.2. 
 
 
Table 4.2. Comparison of experimental and calculated arene C-C bond distances (Å) and 
arene folding (º) in ansa-Cp-arene cations with C1 bridge. 
 3b 3b’ b 5b 5b’ c 
























ring foldinga 0.3(3) 1.19 10.2(3) 11.58 
a folding along the C(19) – C(112) axis. b DFT optimised geometry; see Chapter 3. c DFT optimised 
geometry; see section 4.2. 
 




For the carbonyl ligands in 5b, the crystallographic C-O bond lengths (1.129(6) and 
1.135(5) Å) are virtually identical, and Ti-C(carbonyl) distances (2.091(5) and 2.100(5) Å) 
are marginally longer compared to the corresponding distances for CO ligands in typical 
Ti(II) systems (e.g., Me2Si(C5Me4)2Ti(CO)2, C-O: 1.134(9) and 1.129(11) Å; Ti-
C(carbonyl): 2.017(8) and 2.040(9) Å).38 In the 13C NMR spectrum of 5b, the signal for the 
CO ligands is observed at δ 227.3 ppm. This is intermediate between the 13C NMR 
resonances of the carbonyl groups in d2 titanocenes (Cp2Ti(CO)2: δ 260.5 ppm)39 and free 
CO (δ 184.5 ppm in toluene-d8 solution),40 and compares well with d0 group 4 metal CO 
adducts (e.g., Cp2Zr(C3H5)(CO)+: δ 218.7 ppm).41 In the IR spectrum of 5b two bands are 
observed at 2055 and 2022 cm-1 for the symmetric and anti-symmetric CO stretching 
vibrations, respectively. Although lower than free CO (2143 cm-1), these values are 
significantly higher than those found for typical d2 titanocenes (Table 4.3). Conversely, 
stable d0 metal complexes with CO ligands are rare, due to the lack of stabilising 
metal→CO π-backbonding interactions.42,43 In cases when isolable adducts are formed, 
these are usually stabilised by donation from a metal–ligand σ-orbital into the CO π*-orbital 
(σ→π* backbonding).41,44-51 A comparison of representative group 4 metal carbonyl adducts 
is collected in Table 4.3, showing that, in agreement with the structural features of the 
coordinated arene, compound 5b is best described by significant contribution of resonance 
structure B (Scheme 4.2).52  
 
Table 4.3. Infrared frequencies of CO ligands representative group 4 metal complexes. 
 υ(CO) (cm-1) υ(CO)av (cm-1) ref 
Cp2Ti(CO)2 1977, 1899 1938 53 
Me2Si(C5H4)2Ti(CO)2 1980, 1905 1942.5 54 
Cp2TiCl(CO)  2068 55 
[Cp*2Zr(C3H5)(CO)]+  2079 41 
[Cp3Zr(CO)]+  2132 / 2150 56,57 
[Cp2Ti(CO)2]2+ 2119, 2099 2109 57,58 
Cp*2ZrH2(CO)  2044 45 
5b 2055, 2022  2039 this work 
 
A preliminary screening of the reactivity of 5b was performed. Specifically, given the 
analogy with the low-valent intermediates in the ethylene trimerisation cycle, we were 
interested in its reactivity towards ethylene. On NMR scale, a solution of 5b in C6D5Br 
solution was pressurised with 1 bar of ethylene. No reaction was observed at room 
temperature, whereas warming to 50 ºC slowly precipitated a purple solid. The product 





nature of the compound is confirmed by the signals of the B(C6F5)4 anion in the 19F NMR 
spectrum. No CO absorption bands are observed in the infrared spectrum, and we have not 
been able to clarify the nature of this purple product. Thermolysis of 5b in the absence of 
ethylene also gave a purple precipitate. It thus appears that ethylene is not involved in the 
reactivity, and we tentatively conclude that ethylene is unable to displace the carbonyl 
ligands in 5b. Dissociation of CO from transition metal compounds can be achieved by 
photochemical means. However, irradiation of a solution of 5b using a Hg-lamp in the 
presence of 1 bar of ethylene also failed to initiate trimerisation.  
 
4.1.3. Ligand effects in ansa-Cp-arene titanium dicarbonyls 
In Chapters 2 and 3 we explored the effect of modifications of the Cp-arene ligand in 
titanium(IV) dimethyl cations, and noted considerable differences in the geometry of 
intramolecular arene coordination and the strength of the metal-arene interaction. To 
elucidate the effect of such modifications on ansa-Cp-arene titanium(II) dicarbonyl cations, 
we have prepared a series of compounds that differ in the length of the bridge between the 
cyclopentadienyl and arene moiety, or the substitution pattern of either arene or 
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Scheme 4.3. Synthesis of cationic ansa-Cp-arene complexes of titanium(II) with carbonyl 
ligands. 
 
For the synthesis of 5b we found that the most convenient preparation involves treatment 
of 3b in the solid state with 1 bar of CO (vide supra). The same procedure using solid 5c, 
however, proceeded much more slowly, reaching ca. 35% conversion after a week at room 
temperature. In C6D5Br solution this reaction requires ca. 3 hours to go to completion 
(compared to < 10 min for 3b), but as noted previously the product is generated less cleanly 
in solution. Unfortunately, regardless of the preparation procedure, the ansa-Cp-arene 
titanium dicarbonyl cations 5a,c-f,h could not be crystallised, preventing isolation of the 




complexes in analytically pure form. Therefore, these compounds were generated on NMR 
tube scale in C6D5Br solution and the crude products were characterised by NMR and IR 
spectroscopic methods. For each compound, 1H NMR spectroscopy shows resonances of 
the coordinated arene moiety in the range of δ 5.5 – 4 ppm, indicative of partial reduction 
of the C6 ring. As anticipated, the Me3Si-substituted compounds 5d-f,h are asymmetric and 
show two sets of signals for both the ortho and meta substituents of the C6 ring. At room 
temperature, the sharp and inequivalent ortho-H resonances (5f: δ 4.41 and 4.38 ppm) 
indicate that arene exchange such as observed for 3f is slow on the NMR timescale. Upon 
heating to 80 °C no line broadening is observed, from which we conclude that, in contrast 
to the titanium(IV) dimethyl cations described in Chapter 3, the Cp-arene ligands in the 
dicarbonyl compounds 5a-f,h do no longer exhibit hemilabile behaviour. This is likely due 
to the partial reduction of the arene in these complexes, leading to a much stronger metal-
arene interaction than for titanium(IV) complexes.  
 
Table 4.4. Experimentally observed average 13C NMR shift and infrared frequencies of CO 
ligands in 5a-f,h. 
 δ (CO)av (ppm) υ(CO) (cm-1) υ(CO)av (cm-1) 
5a 226.6 2064, 2032 2048 
5b 227.3 2055, 2022 2039 
5c 237.0 2039, 1997 2018 
5d  2056, 2022 2039 
5e 229.9 2047, 2010 2029 
5f 229.2 2048, 2012  2030 
5h 238.3 2033, 1989 2011 
Cp2Ti(CO)2a 260.5 1977, 1899  1938 
a ref 53 
 
The infrared spectra obtained from the crude reaction mixtures of 5a-f,h show only two 
bands in the region 1800-2200 cm-1 that are attributed to CO vibrations of the dicarbonyl 
cations. Apparently, other species that are present in the crude mixture do not contain 
terminal CO ligands, and a comparison of the IR frequencies is appropriate (Table 4.4). 
There is a significant decrease of ca. 20 cm-1 in the observed CO stretching frequency upon 
increasing the bridge length by one carbon atom (5b vs. 5c and 5f vs. 5h). The increased 
electron-density in the arene ring by adding methyl substituents (Ph in 5a/d vs. 1,3-Me2Ph 
in 5b/f) is seen to lower the average CO frequency by 9 cm-1. A similar effect is observed 
for the SiMe3-substituent on the cyclopentadienyl ring, which results in a lowering of 





an inductive effect of the SiMe3 group, since this is shown to be very small (ca. 1.5 cm-1) in 
ziroconocene dicarbonyls.59 Instead, the steric pressure exerted by the SiMe3 group results 
in tilting of the cyclopentadienyl ring, which allows a closer approach of the arene moiety 
to the metal centre (see the crystal structure of 3f in Chapter 2). Taken together, these 
results indicate that a pendant arene that is a better σ-donor results in a lowering of υ(CO). 
It thus appears that the σ-donor capacity of the pendant arene group is more important than 
its π-acceptor properties in modulating the electron density at the metal centre. 
 
4.2. COMPUTATIONAL STUDIES ON ANSA-CP-ARENE TITANIUM(II) 
COMPLEXES 
4.2.1. Optimised geometries and molecular orbital analysis 
To obtain more insight in the nature of the ansa-Cp-arene coordination in the dicarbonyl 
complexes described above, we performed a series of DFT calculations. Because the crystal 
structure of 5b is known (vide supra), we initially used this compound as a reference point 
to assess the accuracy of the DFT method in reproducing the structural details. The 
experimentally observed singlet ground state for 5b is also obtained computationally: a 
triplet state with a nearly planar arene moiety is calculated to be 17.3 kcal·mol-1 higher in 
energy. The optimised structure (5b’) is in good agreement with that found by X-ray 
crystallography, with Ti-C(arene) distances that are only slightly longer by ~0.05 Å. 
Importantly, while the arene moiety in dimethyl cation 3b’ shows a fully delocalised π-
system, the C-C bonds within the arene group of 5b’ manifest a similar degree of π-
localisation as found in the X-ray structure (see Table 4.2); in addition, the ring is folded by 
11.6° (X-ray structure: 10.2(3)°). The fact that DFT calculations accurately reproduce the 
experimentally obtained structure of 5b led us to perform geometry optimisations on 
selected ansa-Cp-arene titanium dicarbonyl species described above for which no structural 
data are available. Metrical parameters and calculated IR absorption frequencies of the CO 
ligands in a series of representative ansa-Cp-arene titanium dicarbonyl cations are collected 
in Table 4.5. The corresponding values calculated for Cp2Ti(CO)2 using the same DFT 
method are included and substantially different from the ansa-Cp-arene cations, with 
shorter Ti-C(carbonyl) and longer C-O bond lengths, and υ(CO) shifted accordingly to 
lower wavenumbers. The calculated IR frequencies for the CO ligands in the ansa-Cp-arene 
titanium cations follow the experimentally observed trend. 
 




Table 4.5. Calculated Ti-C(carbonyl) and C-O bond lengths (Ǻ), and CO stretching 
frequencies for representative ansa-Cp-arene titanium dicarbonyl cations. 
 Ti-C(carbonyl)av C-Oav υ(CO) (cm-1)a υ(CO)av (cm-1)a 
5a’ 2.096 1.136 2071, 2045 2058 
5b’ 2.087 1.137 2061, 2034 2047 
5c’ 2.073 1.139 2048, 2016 2032 
5d’ 2.087 1.138 2061, 2032 2046 
5f’ 2.080 1.139 2020, 2051 2036 
5h’ 2.066 1.141 2004, 2038 2021 
Cp2Ti(CO)2 2.039 1.150 1937, 1990 1964 
a calculated frequencies after scaling by a factor of 0.97.60,61 
 
To obtain a better understanding of the factors that govern the metal-arene interaction in 
these cationic titanium(II) systems, we performed geometry optimisations for the ‘naked’ 
cationic titanium(II) fragments [η6-Ar-Z-η5-C5H4]Ti+ (Ar = 3,5-Me2Ph; Z = CMe2 (Ti(b)+); 
Z = CH2CMe2 (Ti(c)+)). A comparison between Ti(b)+ and its titanium(IV) congener 
Ti(b)3+ is given below (a similar analysis applies for Ti(c)+). The overall geometries are the 
same for Ti(b)3+/Ti(b)+ and, as expected, the two additional electrons in Ti(b)+ are located 
in the orbital that was the LUMO in Ti(b)3+ (Figure 4.2.). The HOMO in Ti(b)+ consists 
mainly of titanium based atomic orbitals (61%), indicating some Ti(II), d2 character (Table 
4.6). From the ligand, the major contribution to the HOMO involves the arene moiety 
(28%). The situation for the ‘naked’ titanium(IV) species Ti(b)3+ is quite different, with the 
equivalent orbital (LUMO) being almost exclusively titanium-based (82%) with little 
contribution from the arene part (11%). The mixing of d-orbitals with the ligand orbitals 
that occurs on going from the ansa-Cp-arene titanium(IV) system Ti(b)3+ to its titanium(II) 
derivative Ti(b)+ is much less pronounced for the analogous ansa-titanocene system. The 
HOMO in H2C(η5-C5H4)2Ti(II) has 72% Ti d-character, compared to 80% for its Ti(IV) 
congener. It thus appears that coordination of the pendant arene in Ti(b)+ results in 
diminished d2 character of the metal centre compared to H2C(η5-C5H4)2Ti, due to 
delocalisation of d-electron density into the C6-ring. Accordingly, the C6 ring in Ti(b)+ is 






        
              LUMO: -17.0           LUMO+1: -16.7         LUMO+2: -15.5 
 
          
              HOMO: -8.92                         LUMO: -6.19          LUMO+1: -5.86 
Figure 4.2. Frontier molecular orbitals of [η6-Ar-CMe2-η5-C5H4]Ti3+ (Ti(b)3+, top), [η6-Ar-
CMe2-η5-C5H4]Ti+ (Ti(b)+, bottom), and their corresponding energies (eV).  
 
Table 4.6. Percentage contributions of different fragments to the highest occupied 
molecular orbital in titanium(II) compounds (or the equivalent orbital (LUMO) in case of 
the titanium(IV) species Ti(b)3+ and H2C(η5-C5H4)2Ti2+).  
 Ti arene Cp (CO)2 
Ti(b)3+ 82 11 8  
Ti(b)+ 61 28 11  
H2C(η5-C5H4)2Ti2+ 80 10 10  
H2C(η5-C5H4)2Ti 72  14 + 13  
5b’ 57 15 6 22 
H2C(η5-C5H4)2Ti(CO)2 58  6 + 6 30 
 
 




As was shown in Chapter 3 for the binding of two anionic σ-donor ligands (Me-) to the 
fragment [η6-Ar-CMe2-η5-C5H4]Ti3+, the nature of the interaction between the two CO 
ligands and [η6-Ar-CMe2-η5-C5H4]Ti+ is analogous to that in the well-known neutral group 
4 metallocene systems Cp2M(CO)2.62,63 Analysis of the HOMO in the dicarbonyl cation 5b’ 
(Figure 4.3) shows that the main contributions are from orbitals on the metal centre (57%) 
and the CO ligands (22%), whereas the Cp-arene ligand is again involved mainly through 
the arene (15%). A comparison with the HOMO of the neutral ansa-titanocene analogue 
H2C(C5H4)2Ti(CO)263 shows that for 5b’, admixture of arene orbitals comes primarily at the 
expense of CO contribution (Table 4.6).   
 
                 
Figure 4.3. Highest occupied molecular orbital of the dicarbonyls [η6-Ar-CMe2-η5-
C5H4]Ti(CO)2+ (5b’, left) and H2C(η5-C5H4)2Ti(CO)2 (right). 
 
4.2.2. Charge decomposition analysis 
From the spectroscopic and structural data of the cationic dicarbonyl species 5b it 
appears that there is some degree of reduction of the arene group, resulting in 
Ti(IV)/dienediyl character (Scheme 4.2, structure B). Such interactions may be described 
by the Dewar-Chatt-Duncanson model for coordination of π-conjugated ligands to a 
transition metal center64,65 involving a combination of (i) donation from a filled ligand 
orbital into an empty orbital on the metal, and (ii) backdonation from an occupied metal d-
orbital into an empty π*-orbital of the ligand (see Chapter 3, Figure 3.4). Analysis of these 
donor-acceptor interactions was performed using the charge decomposition analysis (CDA) 
method developed by Frenking and co-workers, as described in Chapter 3.66,67 This 
partitioning scheme has been applied in the analysis of the relative amount of metal→CO 
backdonation in a series of isoelectronic hexacarbonyl complexes (from Hf(CO)62- to 
Ir(CO)63+), and it was shown to correlate with the CO stretching frequencies and C-O bond 
distances.68,69 Here, we use this method to evaluate the relative amount of 
donation/backdonation for both the arene and the CO ligands in the ansa-Cp-arene 
dicarbonyl species described above. Fragments for the CDA analysis (Scheme 4.4) were 



















Z = CMe2; R = H (5a')
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Scheme 4.4. Construction of arene and CpTi(CO)2+ fragments for the charge 
decomposition analysis. 
 
The positive values for donation (d) and backdonation (b) together with the small 
residual term (∆) obtained form the charge decomposition analysis (Table 4.7) indicate that 
the metal–arene interaction in all compounds is properly described by the Dewar-Chatt-
Duncanson model.67 In Chapter 3 it was shown that the interaction between the metal centre 
and the coordinated arene moiety in ansa-Cp-arene titanium(IV) cations results primarily 
from arene→Ti donation and backdonation is negligible, as anticipated for a d0 metal 
centre. For the titanium(II) dicarbonyl cations studied here, a different situation arises due 
to the presence of d-electrons that are available for backdonation into the arene π*-system. 
These compounds show a considerable amount of charge transfer due to backdonation, with 
d/b ratios around 4 (Table 4.7). 
 
Table 4.7. Charge decomposition analysis of the metal-L interaction (L = arene, (CO)2). 
L = arene d (e) b (e) r (e) ∆ (e) d/b Eba 
Ti(b)+ 0.739 0.243 -0.621 0.030 3.0 53.0 
Ti(c)+ 0.788 0.256 -0.333 0.007 3.1 80.2 
Va 0.771 0.182 -0.812 0.008 4.2 18.5 
Vb 0.782 0.182 -0.760 -0.010 4.3 31.3 
Vc 0.798 0.185 -0.409 -0.029 4.3 59.7 
L = (CO)2       
Va 0.844 0.310 -0.392 0.022 2.7 64.7 
Vb 0.848 0.321 -0.402 0.024 2.6 65.5 
Vc 0.874 0.353 -0.450 0.028 2.5 65.9 
Cp2Ti(CO)2 0.918 0.476 -0.502 0.012 1.9 79.4 
a the total bonding energy is the difference between the sum of the two fragments and the complex 
(kcal·mol-1) 




Compared to the hypothetical ‘naked’ titanium(II) fragments Ti(b)+, the Ti→arene 
backdonation in the dicarbonyl species Vb is reduced due to the presence of additional 
acceptor ligands (CO). A similar trend based on charge decomposition analysis has been 
observed for the metal–acetylene interaction in M(CO)4(C2H2) (M = Fe, Ru) and its CO 
dissociation product M(CO)3(C2H2).70 The orbital that contributes mostly to the Ti→L 
backdonation is the same for both L = arene and CO, as illustrated for Vb/c in Figure 4.4, 
and thus the ligands are in competition for backdonation from the metal centre. 
The influence of the ligand modifications on the Ti→arene backdonation b is relatively 
minor. The arene becomes only a slightly better acceptor when the strain in the ansa-
coordination is alleviated by introducing a C2 bridge (Vb vs. Vc). Changing the substituents 
on the arene ring from Ar = Ph to 1,3-Me2Ph has virtually no effect on the acceptor 
properties of the arene. Instead, these ligand modifications do have a considerable effect on 
the donating ability of the C6 ring, the origin of which was delineated in Chapter 3. This is 
confirmed by the increase in backdonation to the CO ligands in Vc compared to Vb, and 
concurs with the observed/calculated CO stretching frequencies (vide supra).   
 
                    
                  Vb                            Vc  
L = arene  0.119                       0.122  
L = (CO)2  0.216                       0.242 
Figure 4.4. Representation of the HOMO in Vb/c, and its contribution (e) to Ti→L 
backdonation for L = arene and (CO)2. 
 
4.3. CONCLUSIONS 
The synthesis and characterisation of a series of ansa-Cp-arene titanium(II) cations 
shows that low-valent species of this type are accessible, lending credence to the 
Ti(II)/Ti(IV) redox mechanism that is proposed for catalytic ethylene trimerisation by these 
compounds. The coordination of the pendant arene moiety allows for stabilisation of the 
low-valent metal centre by π-backdonation into the arene π*-system. Modifications in the 





capacity of the pendant arene moiety, whereas the acceptor properties appear to be less 
sensitive. This may, however, be due to the presence of the strong π-accepting CO ligands 
that compete for backdonation from the metal centre. The strain induced by the ansa-Cp-
arene coordination prevents full reduction of the arene ring and this renders the switching 
between the Ti(II) and Ti(IV) states in the catalytic cycle reversible. 
 
4.4. EXPERIMENTAL SECTION 
General Considerations. For experimental details, see the Experimental Section in 
Chapter 2. In addition: CO (Praxair, 4.7 LBX) was used as received. IR spectra were 
recorded on an Interspec 301-X spectrometer inside a glovebox. Samples were prepared as 
films on KBr plates by evaporation of a solution of the compound, or as nujol mulls 
between KBr plates.  
Attempted synthesis of [Ar-CMe2-η5-C5H4]Ti(2,3-dimethyl-1,3-butadiene)R (R = Cl, 
Me). A solution of [Ar-CMe2-η5-C5H4]TiCl3 (2b, 172 mg, 0.47 mmol) in 10 mL of THF 
was cooled to -80 ºC and 1 equiv of (C6H10)Mg(THF)2 (123 mg, 0.49 mmol) was added as 
a solid. The mixture quickly became darker, and slow warming to -50 ºC resulted in a dark 
green colour. Upon warming to 0 ºC, the solution became dark red, and stirring was 
continued at 0 ºC for 2 hours. The solvent was removed in vacuo, and the product extracted 
into hexane. Evaporation of all volatiles afforded a black tar, which was analysed by 1H 
NMR to contain the desired species [Ar-CMe2-η5-C5H4]Ti(2,3-dimethyl-1,3-butadiene)Cl. 
1H NMR (400 MHz, C6D6, 25 ºC) δ 7.62 (s, 2H, Ar o-H), 6.69 (s, 1H, Ar p-H), 6.21 (ps t, J 
= 2.3, 2H, Cp), 5.31 (ps t, J = 2.3, 2H, Cp), 2.83 (d, J = 8.6, 2H, TiCHH’), 2.15 (s, 6H, 
ArMe), 1.89 (s, 6H, diene-Me), 1.76 (s, 6H, CMe2), 1.48 (d, J = 8.6, 2H, TiCHH’).  
The same reaction, but with [Ar-CMe2-η5-C5H4]TiCl2Me (obtained from the reaction of 2b 
with AlMe3, as described for Cp*TiCl2Me)71 gave a similar black product. 1H NMR (400 
MHz, C6D6, 25 ºC) δ 7.06 (s, 2H, Ar o-H), 6.72 (s, 1H, Ar p-H), 6.11 (ps t, J = 2.5, Cp), 
5.48 (ps t, J = 2.5, Cp), 2.82 (d, J = 8.4, 2H, TiCHH’), 2.17 (s, 6H, ArMe), 1.95 (s, 6H, 
diene-Me), 0.99 (d, J = 8.4, TiCHH’), -0.05 (s, 3H, TiMe). 
{[η6-Ar-CMe2-η5-C5H4]Ti(CO)2}[B(C6F5)4] (5b). A powdered sample of solid 3b (103 
mg, 106 µmol) was pressurised with 1 bar of CO. After standing at room temperature for 3 
days, the orange colour of the starting material darkened to red-brown. The excess CO was 
pumped off and the residue washed with 5 mL of cold (-30 ºC) bromobenzene. Subsequent 
washing with pentane and drying in vacuo gave 87 mg of 5b as a red powder (87.5 µmol, 
82%). Crystals suitable for X-ray analysis were obtained by diffusion of cyclohexane into a 
bromobenzene solution of 5b. 1H NMR (500 MHz, C6D5Br, 25 ºC) δ 5.00 (s, 1H, Ar p-H), 
4.95 (s, 2H, Cp), 4.38 (s, 2H, Ar o-H), 3.91 (s, 2H, Cp), 1.69 (s, 6H, Ar Me), 0.69 (s, 6H, 
CMe2). 13C NMR for the cationic part (125.7 MHz, C6D5Br, 25 ºC) δ 227.3 (s, CO), 136.4 
(s, Ar m-C), 104.8 (d, J = 180, Cp CH), 102.6 (d, J = 173, Ar o-CH), 100.3 (d, J = 175, Ar 
p-CH), 91.3 (s, Cp ipso-C), 86.8 (s, Ar ipso-C), 83.4 (d, J = 181, Cp CH), 38.7 (s, CMe2), 




21.3 (q, J = 129, Ar Me), 19.5 (q, J = 127, CMe2). IR (ν, cm-1), film from C6D5Br on KBr 
plates: 2055, 2022 (CO); nujol mull: 2052, 2023 (CO). Anal. Calcd for C42H19BF20O2Ti: C, 
50.74; H, 1.93. Found: C, 50.58 ; H, 2.00. 
Identification of acetone as a product from the reaction of 3b with CO. An NMR tube 
containing solid 3b was degassed on a high-vacuum line and backfilled with 1 bar of CO. 
After standing at room temperature for 4 days, the color of the solid had turned reddish. 
The tube was frozen in liquid N2, the valve opened under N2 flow, and 0.5 mL of wet 
C6D5Br was added with a pipette. The tube was closed and allowed to warm to room 
temperature. The 1H NMR spectrum showed signals for 5b, a broad signal attributed to 
H2O, and acetone (δ 1.81 ppm). The peaks for 5b slowly disappeared in the course of 
several hours. In a control experiment, a dried (empty) tube was frozen in liquid N2, and 
under N2 flow 0.5 mL of C6D5Br was added. 1H NMR spectroscopy showed only residual 
solvent peaks and some H2O, showing that the acetone observed is not due to adventitious 
traces, but stems from the reaction. 
General procedure for NMR tube scale carbonylation of 3a-f and 3h. A C6D5Br 
solution of the appropriate titanium dimethyl cation (3a-f or 3h), either isolated or prepared 
in situ from 2a-f or 2h and [Ph3C][B(C6F5)4], was degassed on a high-vacuum line by three 
freeze-pump-thaw cycles. The tube was backfilled with 1 bar of CO and the reaction was 
monitored by 1H NMR. When all starting material was consumed (< 30 min for compounds 
with C1 bridge, several hours for C2-bridged compounds), the excess CO was pumped off. 
Samples for IR spectroscopy were prepared in the glovebox. A drop of the solution was 
taken from the NMR tube and placed on top of a KBr plate. The solvent was pumped off, 
leaving a red film on the plate, which was placed immediately in the FTIR spectrometer in 
the glovebox and the IR spectrum was recorded.  
{[η6-Ph-CMe2-η5-C5H4]Ti(CO)2}[B(C6F5)4] (5a). 1H NMR (500 MHz, C6D5Br, 25 ºC) δ 
5.91 (t, J = 7.3, 2H, Ph m-H), 5.27 (t, J = 7.1, 1H, Ph p-H), 5.01 (ps t, 2H, Cp), 4.28 (d, J = 
7.6, Ph o-H), 3.89 (ps t, 2H, Cp), 0.62 (s, 6H, CMe2). 13C NMR for the cationic part (125.7 
MHz, C6D5Br, 25 ºC) δ  226.6 (CO), 121.5 (Ph m-CH), 105.2 (Cp CH), 105.1 (Ph o-CH), 
94.5 (Ph p-CH), 90.6 (Ph ipso-C), 87.8 (Cp ipso-C), 83.0 (Cp CH), 38.8 (CMe2), 19.1 
(CMe2). IR (ν, cm-1), film from C6D5Br on KBr plates: 2064, 2032 (CO). 
{[η6-Ar-CH2CMe2-η5-C5H4]Ti(CO)2}[B(C6F5)4] (5c). 1H NMR (500 MHz, C6D5Br, 25 ºC) 
δ 5.37 (s, 2H, Ar o-H), 5.15 (s, 2H, Cp), 4.78 (s, 2H, Cp), 4.62 (s, 1H, Ar p-H), 2.15 (s, 2H, 
CH2), 1.72 (s, 6H, ArMe), 0.87 (s, 6H, CMe2). 13C NMR for the cationic part (125.7 MHz, 
C6D5Br, 25 ºC) δ 237.0 (CO), 137.0 (Cp ipso-C), 129.0 (Ar m-C), 128.4 (Ar ipso-C), 110.3 
(Ar o-CH), 105.0 (Ar p-CH), 97.1 (Cp CH), 93.3 (Cp CH), 50.8 (CH2), 39.4 (CMe2), 30.0 
(CMe2), 21.0 (ArMe). IR (ν, cm-1), film from C6D5Br on KBr plates: 2039, 1997 (CO). 
{[η6-Ph-CMe2-η5-C5H3SiMe3]Ti(CO)2}[B(C6F5)4] (5d). 1H NMR (500 MHz, C6D5Br, 25 
ºC) δ 5.95 (t, J = 7.3, 1H, Ph m-H), 5.93 (t, J = 7.3, 1H, Ph m-H), 5.33 (t, J = 6.9, 1H, Ph p-
H), 5.29 (s, 1H, Cp), 4.40 (overlapped d, 2H, Ph o-H), 4.33 (s, 1H, Cp), 4.18 (s, 1H, Cp), 
0.72 (s, 3H, CMe2), 0.64 (s, 3H, CMe2), 0.10 (s, 9H, SiMe3). 13C NMR for the cationic part 





m-CH), 120 (Ph m-CH), 113 (Cp CH), 106 (Ph o-CH), 104 (Ph o-CH), 95 (Ph p-CH), 89 
(Cp CH), 88 (Cp CH), 20 (CMe2), 19 (CMe2), -1 (SiMe3). 13C NMR IR (ν, cm-1), film from 
C6D5Br on KBr plates: 2056, 2022 (CO). 
{[η6-Ar-CH2-η5-C5H3SiMe3]Ti(CO)2}[B(C6F5)4] (5e). 1H NMR (500 MHz, C6D5Br, 25 
ºC) δ 5.15 (s, 1H, Cp), 4.93 (s, 1H, Ar p-H), 4.27 (s, 1H, Cp), 4.15 (s, 1H, Ar o-H), 4.14 (s, 
1H, Cp), 4.06 (s, 1H, Ar o-H), 2.50 (d, J = 12.7, 1H, CH2), 2.32 (d, J = 12.7, 1H, CH2), 1.66 
(s, 3H, ArMe), 1.65 (s, 3H, ArMe), 0.07 (s, 9H, SiMe3). 13C NMR for the cationic part 
(125.7 MHz, C6D5Br, 25 ºC) δ 232.0 (CO), 227.8 (CO), 137.5 (Ar m-C), 135.8 (Ar m-C), 
118.7 (Cp CSiMe3), 111.7 (Cp CH), 106.0 (Ar o-CH), 105.3 (Ar o-CH), 100.8 (Ar p-CH), 
90.9 (Cp CH), 90.3 (Cp CH), 83.4 (Cp ipso-C), 78.3 (Ar ipso-C), 32.8 (CH2), 21.2 (Ar Me), 
21.0 (Ar Me), -1.4 (SiMe3). IR (ν, cm-1), film from C6D5Br on KBr plates: 2047, 2010 
(CO). 
{[η6-Ar-CMe2-η5-C5H3SiMe3]Ti(CO)2}[B(C6F5)4] (5f). 1H NMR (500 MHz, C6D5Br, 25 
ºC) δ 5.30 (s, 1H, Cp), 5.13 (s, 1H, Ar p-H), 4.49 (s, 1H, Ar o-H), 4.46 (s, 1H, Ar o-H), 
4.41 (s, 1H, Cp), 4.35 (s, 1H, Cp), 1.81 (s, 3H, ArMe), 1.80 (s, 3H, ArMe), 0.86 (s, 3H, 
CMe2), 0.79 (s, 3H, CMe2), 0.17 (s, 9H, SiMe3). 13C NMR for the cationic part (125.7 
MHz, C6D5Br, 25 ºC) δ 231.2 (CO), 227.1 (CO), 137.2 (Ar m-C), 135.3 (Ar m-C), 117.9 
(Cp CSiMe3), 111.6 (Cp CH), 102.8 (Ar o-CH), 101.9 (Ar o-CH), 100.8 (Ar p-CH), 91.8 
(Cp ipso-C), 90.2 (Ar ipso-C), 88.9 (Cp CH), 88.0 (Cp CH), 38.7 (CMe2), 21.4 (Ar Me), 
21.2 (Ar Me), 19.9 (CMe2), 19.3 (CMe2), -1.35 (SiMe3). IR (ν, cm-1), film from C6D5Br on 
KBr plates: 2048, 2012 (CO). 
{[η6-Ar-CH2CMe2-η6-C5H3SiMe3]Ti(CO)2}[B(C6F5)4] (5h). 1H NMR (500 MHz, C6D5Br, 
25 ºC) δ 5.65 (s, 1H, Ar), 5.65 (s, 1H, Cp), 5.36 (s, 1H, Cp), 5.35 (s, 1H, Cp), 5.35 (s, 1H, 
Ar), 4.74 (s, 1H, Ar), 2.28 (s, 2H, CH2), 1.84 (s, 3H, ArMe), 1.82 (s, 3H, ArMe), 0.99 (s, 
3H, CMe2), 0.98 (s, 3H, CMe2), 0.15 (s, 9H, SiMe3). 13C NMR for the cationic part (125.7 
MHz, C6D5Br, 25 ºC) δ 239.2 (CO), 237.4 (CO) 139.2 (Cp ipso-C), 131.5 (Ar m-C), 128.6 
(Ar ipso-C), 125.4 (Ar m-C), 112.0 (Ar o-CH), 108.4 (Ar o-CH), 106.2 (Ar p-CH), 104.9 
(Cp CH), 99.7 (Cp CH), 99.3 (Cp CH), 50.5 (CH2), 39.3 (CMe2), 32.0 (CMe2), 28.2 
(CMe2), 21.4 (ArMe), 20.8 (ArMe), -0.9 (SiMe3). IR (ν, cm-1), film from C6D5Br on KBr 
plates: 2033, 1989 (CO). 
X-ray crystal structure. A suitable crystal of 5b was mounted on top of a glass fibre in a 
drybox and transferred, using inert-atmosphere handling techniques, into the cold nitrogen 
stream of a Bruker SMART APEX CCD diffractometer. The final unit cell was obtained 
from the xyz centroids of 8874 reflections after integration. Intensity data were corrected 
for Lorentz and polarisation effects, scale variation, for decay and absorption: a multiscan 
absorption correction was applied, based on the intensities of symmetry-related reflections 
measured at different angular settings (SADABS).72 The structure was solved by Patterson 
methods and extension of the model was accomplished by direct methods applied to 
difference structure factors using the program DIRDIF.73 A difference Fourier synthesis 
resulted in the location of all hydrogen atoms and the hydrogen atom coordinates and 
isotropic displacement parameters were refined freely. The final difference Fourier map 
revealed features within the range -1.01 to +0.60(8) e/Å3 located near the Br position of the 




bromobenzene solvate molecule. All refinement and geometry calculations were performed 
with the program packages SHELXL74 and PLATON.75 Crystal data and details on data 
collection and refinement are presented in Table 4.8. 
 




Mr 1151.27 temp (K) 100(1) 
cryst syst monoclinic θ range (º) 2.57–25.68 
color, habit red, needle data collected (h,k,l) -19:19, -21:21, -20:20 
size (mm) 0.51 x 0.19 x 0.11 min and max transm 0.6196, 0.8760 
space group P21/c no. of rflns collected 32715 
a (Å) 15.902(2) no. of indpndt reflns 8296 
b (Å) 17.780(2) observed reflns 5883 (Fo ≥ 4 σ (Fo)) 
c (Å) 17.100(2) R(F) (%) 4.95 
β (º) 115.144(2) wR(F2) (%) 12.61 
V (Å3) 4376.7(9) GooF 1.036 
Z 4 weighting a,b 0.0579, 3.5774 
ρcalc, g.cm-3 1.747 params refined 754 
µ(Mo Kα), cm-1 12.36 min, max resid dens -1.01, 0.60(8) 
 
Computational Studies. The geometry optimisations and charge decomposition analyses 
were performed as described in Chapter 3. A frequency analysis of the optimised structures 
showed these to be minima on the potential energy surface, and afforded the calculated CO 
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Chapter 5 Tantalum complexes with Cp-
arene ligands* 
In the previous chapters, we have shown that cyclopentadienyl-arene ligands stabilise 
cationic titanium centres in oxidation states ranging from +2 to +4. The apparent ability of 
these ligands to sustain reversible 2-electron redox processes (in the case of titanium-
catalysed ethylene trimerisation) prompted us to investigate whether this may be more 
generally applicable. The organometallic chemistry of the group 5 metals (vanadium, 
niobium and tantalum) has been studied quite extensively. Especially for the heavier 
congeners niobium and tantalum, this is dominated by compounds in their highest oxidation 
states. Group 5 metallocene olefin-hydride complexes have been studied as model systems 
for olefin adducts in catalytic olefin polymerisation (A, Chart 5.1).1,2 In contrast to their 
group 4 counterparts, however, relatively few tantalum complexes have been shown to be 
good catalysts for C-C bond-forming reactions. Notable exceptions are half-sandwich diene 
complexes of niobium and tantalum that polymerise ethylene in a living fashion.3,4 
Recently, a simple tantalum-based catalyst system has been found that trimerises ethylene 
to 1-hexene.5,6 In addition, while group 4 metal catalyst systems are not very tolerant to 
functional groups, related half-sandwich tantalum complexes with diazadiene ligands are 
excellent initiators for the living polymerisation of methyl methacrylate (B, Chart 5.1), due 























We have shown the versatile coordination behaviour of cyclopentadienyl-arene ligands in 
cationic titanium complexes. In an attempt to extend the scope of these ligands in 
stabilising reactive species, the synthesis of tantalum complexes with cyclopentadienyl-
arene ligands is described herein. A series of β-hydrogen transfer reactions affords 
compounds with an ortho-metalated pendant arene moiety, and the reactivity of these 
compounds is evaluated. 
                                                          





5.1. SYNTHESIS OF NEUTRAL CP-ARENE COMPLEXES OF 
TANTALUM(V) 
5.1.1. Synthesis of half-sandwich complexes of tantalum(V) 
A general method for the preparation of half-sandwich tantalum complexes involves the 
substitution of a halide in TaX5 (X = Cl, Br) by using cyclopentadienyl-tin or -silyl 
reagents.8,9 The monocyclopentadienyl complexes Cp’TaX4 thus obtained may be 
elaborated by salt metathesis methodology to give alkyl, aryl, or other derivatives.8  
Attempted synthesis of tantalum complexes bearing an arene-substituted cyclopentadienyl 
ligand by Me3SiCl elimination between TaCl5 and Ph-CH2CMe2-C5H5SiMe3 (the preferred 
route to make half-sandwich complexes of titanium, see Chapter 1) resulted, after 
extraction into hexane/toluene, in a mixture of at least two compounds (presumably mono- 
and dicyclopentadienyl tantalum chlorides), which were not easily separated. Monitoring 
the same reaction in C6D6 solution by 1H NMR spectroscopy showed additional broad 
resonances due to paramagnetic species. An improved procedure to the desired half-
sandwich tantalum complexes involves a salt metathesis reaction between the soluble 
tantalum precursor TaMe3Cl2 and arene-substituted cyclopentadienyl lithium salts (Scheme 
5.1).10 TaMe3Cl2 can be obtained in pure form as an off-white solid from the reaction of 
TaCl5 with ca. 1.6 equivalents of ZnMe2,10 but the volatility of the product renders isolation 
difficult, especially so when commercial solutions of ZnMe2 in (relatively high-boiling) 
toluene are used. NMR monitoring of the reaction of TaCl5 with excess ZnMe2 in C6D6 
shows that TaMe3Cl2 is formed exclusively, and further alkylation does not occur.11 A 
convenient method for the preparation of [Cp-arene]TaMe3Cl therefore involves the in situ 
generation of TaMe3Cl2 in toluene, which (after filtration to remove ZnCl2) is subsequently 
reacted with [Ar-Z-C5H4]Li (Scheme 5.1). Extraction with and crystallisation from hexane 
affords the desired half-sandwich tantalum compounds [Ar-CMe2-C5H4]TaMe3Cl (6b) and 
























Z = CMe2 (b); CH2CMe2 (c)6 7  
Scheme 5.1. Synthesis of half-sandwich tantalum complexes 6b/c, and their tetramethyl 
analogues 7b/c.  
 




The 500 MHz 1H NMR spectrum of 6b and 6c shows one resonance for the TaMe 
groups at room temperature in the 1H/13C NMR spectra (δ 1.18/67.0 and 1.15/69.6 ppm, 
respectively), indicating that exchange between the methyl groups that are cis and trans to 
the chloride is fast on the NMR timescale. Variable temperature NMR studies on 
Cp*TaMe3Cl showed that a pseudorotation is responsible for the equivalence of the TaMe 
groups, and a barrier of 57(6) kJ·mol-1 at 233 K was determined for the exchange in this 
compound.12 The crystal structures of 6b and 6c (Figure 5.1, pertinent interatomic distances 
and bond angles in Table 5.1) show the compounds to possess a tetragonal pyramidal 
geometry around the metal centre. This coordination geometry is normally observed for 
monocyclopentadienyl complexes of tantalum(V),13-15 except when sterically more 
demanding alkyl ligands are used (e.g., trigonal bipyramidal Cp*TaCl(CH2SiMe3)3).16 The 
Ta-C(Me) and Ta-Cl bond lengths fall in the range that is usual for tantalum(V) 
complexes.16-18 The compounds 6b and 6c are readily converted to the corresponding 
tetramethyl complexes 7b and 7c by reaction with MeMgCl in Et2O (Scheme 5.1).  
 
            
Figure 5.1. Molecular structures of 6b and 6c showing 50% probability ellipsoids. The 
hydrogen atoms are omitted for clarity.  
 
Table 5.1. Selected bond distances (Å) and angles (º) for 6b and 6c. 
 
 6b  6c 
Ta–C(17) 2.227(3) Ta–C(18) 2.236(3) 
Ta–C(18) 2.209(5) Ta–C(19) 2.210(3) 
Ta–C(19) 2.187(4) Ta–C(20) 2.209(3) 
Ta–Cl 2.366(12) Ta–Cl 2.3497(8) 
Ta–Cg(Cp) 2.1185(17) Ta–Cg(Cp) 2.1015(12) 





Alkylation of 6b with n-alkyl Grignard reagents was performed in an attempt to induce 
reduction of the metal centre to Ta(III).8,19 The low-valent product could then possibly be 
stabilised by coordination of the pendant arene moiety. However, treatment of 6b with 1 
equivalent of EtMgCl or nPrMgCl in Et2O results in the formation of the olefin adducts [Ar-
CMe2-C5H4]TaMe2(C2H4) (8) and [Ar-CMe2-C5H4]TaMe2(C3H6) (9) (Scheme 5.2), and the 
pendant arene is apparently unable to displace the coordinated olefin. Isolation of these 
compounds in analytically pure form was hampered by their sticky, oily nature, and 
attempts to recrystallise the material were not successful. Nevertheless, NMR spectroscopic 
analysis was fully consistent with their formulation as the olefin adducts 8 and 9, with 
resonances for the coordinated olefin in the ethylene complex 8 at δ 2.22 and 78.8 ppm (JCH 
= 146 Hz) in the 1H and 13C NMR spectrum, respectively. Alternatively, these compounds 
may be described by a Ta(V) metallacyclopropane resonance structure (Scheme 5.2). The 
propylene group in 9 renders the compound asymmetric, and although the NMR spectra are 
more complex, they are supportive of the proposed formulation, with 1H multiplet 
resonances at δ 2.98, 2.26 and 2.04 ppm for the olefinic part and a doublet at 2.13 ppm for 
the propylene methyl group. The equivalence of the protons of the C2H4 moiety in 8 is 
retained down to 223 K in toluene-d8, suggesting that olefin rotation is fast on the NMR 
timescale. Indeed, for the related ethylene adduct Cp*TaCl2(C2H4), decoalescence was 
observed only at 203(5) K, and the activation barrier for the process was calculated to be 
38.9(13) kJ·mol-1 at that temperature.12 The reactivity of the ethylene adduct 8 with excess 
ethylene was examined by NMR spectroscopy, showing fast conversion to the 
metallacyclopentane compound [Ar-CMe2-C5H4]TaMe2(C4H8) (10). Analogous reactivity 
was observed for half-sandwich tantalum compounds that lack a pendant arene moiety,12 





























Scheme 5.2. Synthesis of [Ar-CMe2-C5H4]TaMe2(C2H3R) (R = H (8); Me (9)), and [Ar-
CMe2-C5H4]TaMe2(C4H8) (10).  
 




5.1.2. β-Hydrogen-induced ortho-metalation of the pendant arene group 
When 6b is treated with two equivalents of n-alkyl Grignard reagents, the pendant arene 
moiety becomes involved in the chemistry. Initially, 6b is converted to 8/9 with EtMgCl 
and nPrMgCl, respectively (vide supra), but in the presence of a second equivalent of n-
alkyl Grignard reagent, ensuing reactivity occurs (Scheme 5.3). When EtMgCl is used, the 
crude red product that is obtained after extraction into pentane consists of a mixture of two 
species, the ratio of which is somewhat variable in different batches. When the reaction is 
carried out with a slight excess of EtMgCl (2.1 equiv) at -50 ºC with slow warming to room 
temperature, we were able to obtain the compound [η1-Me2C6H2-CMe2-η5-
C5H4]Ta(Et)(C2H4) (12) in 47% yield by fractional crystallisation. X-ray analysis of a 
suitable single crystal shows the pendant arene moiety of the Cp-arene ligand to be ortho-
metalated, and the coordination sphere around Ta is completed by ethyl and ethylene 
ligands (Figure 5.2, pertinent interatomic distances and bond angles in Table 5.2).  
Addition of 2.1 equivalents of EtMgCl to a Et2O solution of 6b at -50 ºC, followed by 
immediate warming in a water bath at 30 ºC, results in a product mixture containing a 
significantly larger amount of a second product. This product could be obtained in pure 
form as single crystals (32% yield) by reaction of [Me2Ph-CMe2-C5H4]TaMe4 (7b) with 2.1 
equivalents of EtMgCl, and subsequent fractional crystallisation from pentane. The 
structure determination (Figure 5.2, pertinent interatomic distances and bond angles in 
Table 5.2) shows that this compound is [η1-Me2C6H2-CMe2-η5-C5H4]Ta(Me)(C2H4) (11), 
which is similar to 12 and also possesses an ortho-metalated Cp-arene ligand, but that it has 
a different Ta-alkyl group (Me instead of Et).  
Performing the reaction of 6b with 2.1 equivalents of nPrMgCl allows isolation of the 
analogous propyl/propylene complex [η1-Me2C6H2-CMe2-η5-C5H4]Ta(Pr)(C3H6) (13) in 
33% yield as dark red crystalline material and its structure determination shows it to be 
analogous to 12 (Figure 5.3, pertinent interatomic distances and bond angles in Table 5.3). 
In all these reactions, analysis of the white residue (after pentane extraction) by 1H NMR in 
THF-d8 shows that MeMgCl is formed, suggesting that an alkyl exchange reaction between 
a TaMe group and EtMgCl or nPrMgCl drives the reaction to the observed products. 
Supportive of the viability of such an alkyl exchange is the observation that 13 may also be 
obtained from reaction of 7b with two equivalents of n-propyl Grignard. In addition, we 
note that there is no indication that the mono-olefin adducts 8 and 9 lead to metalation of 
the arene group, which suggests that a (transient) bis-olefin species is required to trigger the 
addition of the arene ortho-CH bond to the metal centre. These observations lead us to 
propose the reaction pathway presented in Scheme 5.3. Although we do not have conclusive 
evidence that 12 is a precursor to 11, we feel that this assumption is appropriate given the 
apparent ease of alkyl exchange reactions in these systems. In addition, while 11 is 
produced as a side product by reacting 6b with 2.1 equivalents of EtMgCl, it is the 
predominant product in the reaction of tetramethyl complex 7b with EtMgCl (which 
generates an additional equivalent of MeMgCl). Also, a mixture of 11 and 12 can be 
converted to pure 12 by reaction of the mixture with excess EtMgCl. The isolated yields of 





not surprising. In addition, the compounds are not thermally stable: monitoring NMR 
samples in C6D6 shows considerable decomposition after standing at room temperature 
































6b R = H (8); Me (9)
11 R = H (12); Me (13)  





       
Figure 5.2. Molecular structures of 11 and 12 showing 50% probability ellipsoids. The 
hydrogen atoms are omitted for clarity.  
 





Table 5.2. Selected bond distances (Å) and angles (º) for [η1-Me2C6H2-CMe2-η5-
C5H4]Ta(Me)(C2H4) (11) and [η1-Me2C6H2-CMe2-η5-C5H4]Ta(Et)(C2H4) (12). 
 11 12 
Ta–C(17) 2.135(5) 2.133(8) 
Ta–C(18) 2.186(4) 2.191(8) 
Ta–C(19) 2.186(4) 2.165(7) 
Ta–C(20)  3.129(9) 
Ta–C(14) 2.196(4) 2.215(7) 
Ta–Cg(Cp) 2.1018(17) 2.103(3) 
C(17)–C(18) 1.471(6) 1.465(11) 
C(19)–C(20)  1.543(11) 
C(5)–C(6)–C(9) 107.4(3) 106.2(5) 
C(5)–C(6)–C(9)–C(14) 12.7(4) 25.0(7) 
C(17)–Ta–C(18) 39.79(17) 39.6(2) 
C(14)–Ta–C(17) 108.51(16) 113.3(3) 
C(14)–Ta–C(18) 93.15(15) 92.3(3) 








Figure 5.3. Molecular structure of 13 showing 50% probability ellipsoids. The hydrogen 
atoms are omitted for clarity.  
 
Table 5.3. Selected bond distances (Å) and angles (º) for [η1-Me2C6H2-CMe2-η5-
C5H4]Ta(Pr)(C3H6) (13). 
Ta–C(17) 2.174(4) C(5)–C(6)–C(9) 106.5(3) 
Ta–C(18) 2.150(4) C(5)–C(6)–C(9)–C(14) -20.6(4) 
Ta–C(20) 2.179(4) C(17)–Ta–C(18) 39.81(15) 
Ta–C(14) 2.206(3) C(14)–Ta–C(17) 92.77(13) 
Ta–Cg(Cp) 2.0987(15) C(14)–Ta–C(18) 109.75(13) 
C(17)–C(18) 1.472(6) C(14)–Ta–C(20) 116.51(13) 
 
The 1H NMR spectra of 11 and 12 are indicative of complexes with C1 symmetry in 
solution, with four resonances corresponding to 1H for the cyclopentadienyl ligand. In the 
aromatic region, only two signals in a 1:1 ratio are observed for 12 (which are accidentally 
overlapped in 11), which together with 13C NMR singlets at δ 204.6 (11) and 203.2 ppm 
(12) is consistent with the presence of an ortho-metalated aryl group. The ethylene 
resonances are multiplets located at δ 2.74/2.28 and 2.69/2.28 ppm in the 1H NMR 
spectrum for 11 and 12, respectively, while in the 13C NMR the corresponding signals are 
observed as triplets (JCH = 146 Hz) at δ 81.1 and 78.7 ppm. The NMR spectroscopic 
equivalence of the two carbon atoms of the ethylene moiety in both compounds indicates 
that rotation around the Ta-C2H4 vector is fast on the NMR timescale, as was found for 8 
and related monocyclopentadienyl tantalum complexes.12 For the 
pentamethylcyclopentadienyl phosphinimide tantalum compounds Cp*Ta(NPtBu3)(C2H4)R 
(R = Cl, Et), the two sides of the ethylene ligand were found to be chemically inequivalent, 
with 13C NMR resonances at δ 48.40 and 33.17 ppm (for R = Et), which was taken as 
evidence for a metallacyclic Ta(V) formulation.22 Fryzuk and co-workers reported the 




ethylene/ethyl complex [P2N2]Ta(C2H4)(Et) ([P2N2] = PhP(CH2SiMe2NSiMe2CH2)2PPh)), 
in which one ethylene 13C NMR resonance is observed at 45.0 ppm.23 The resonances for 
the coordinated olefin in 11/12 in the 13C NMR spectrum are significantly downfield 
compared to the literature examples mentioned above. This is most likely related to the 
sensitivity of Ta-C resonances to differences in electron-density at the metal centre (cf. 
Cp*TaMe4 and Cp2TaMe3 at δ 74.1 and 21.6 ppm, respectively),24 instead of a significantly 
different degree of backdonation to the olefin (the C-H coupling constants for these 
compounds are similar at ~ 145 Hz).23 In agreement with this, the crystallographic Ta-C 
bond lengths of the coordinated ethylene in 11 and 12 are relatively short at 
2.135(5)/2.186(4) and 2.133(8)/2.191(8) Å, respectively, compared to those in 
Cp*Ta(NPtBu3)(C2H4)Cl (2.220(7)/2.313(5) Å) and [P2N2]Ta(C2H4)Et (2.251(3)/2.362(4) 
Å), but the ethylene C-C bond distances are similar (~ 1.46 Å). Unlike [P2N2]Ta(C2H4)Et, 
there is no evidence for a β-agostic interaction in 12. For the propyl propylene analogue 13, 
1H NMR spectroscopy shows that it is present in C6D6 solution as a 80:20 mixture of two 
isomers, presumably corresponding to two orientations of the methyl substituent on the 
coordinated propylene moiety. In the solid state, 13 is found to be present as a single 
isomer, although redissolution of these crystals again produced the above mixture of 
isomers, suggesting an equilibrium. As for the ethylene ligand in 11 and 12, the coordinated 
propylene shows predominant tantalacyclopropane character: the Ta-C bond lengths of 
2.174(4) and 2.150(4) Å lie within the range observed for tantalum alkyls and the C-C bond 




Figure 5.4. 500 MHz 2D EXSY spectrum (311 K, τ = 0.8 s) of 12 showing exchange 
correlations between ethyl and ethylene resonances (grey cross-peaks are negative intensity 















Scheme 5.4. Exchange process between the ethyl and ethylene ligands in 12. 
 
Although the 1H NMR resonances of 12 are sharp at room temperature, exchange 
between the ethyl and ethylene groups is evident from the 2D EXSY spectrum (Figure 5.4). 
A plausible mechanistic scenario involves the direct transfer of a hydrogen atom on the β-
carbon of the ethyl group to a CH2 moiety of the ethylene ligand, as proposed for 
[P2N2]Ta(C2H4)Et (Scheme 5.4).23 Alternatively, initial transfer to the α-aryl carbon atom 
could be envisaged, but we do not observe the cross-peaks between the Ar o-H and 
ethylene groups that would be expected if this were operative. Also, α-H abstraction 
leading to an ethyl ethylidene species can be discarded, since this would not allow 
exchange with the ethyl CH3 group. A last possibility is β-hydrogen transfer to the metal 
centre, resulting in a bis-olefin hydride species. If this were the case, exchange between the 
ethyl α-CH2 and β-CH3 would be expected, provided that ethylene rotation is faster than 
insertion into the metal hydride bond. This is usually the case, with rotation around π bound 
ligands being fast on the NMR timescale,26 e.g. ∆G‡rot = 38.9(13) kJ·mol-1 at 203(5) K for 
Cp*2TaCl2(C2H4).12 Olefin insertion in the metal-hydride bond of group 5 metallocene 
complexes Cp’2M(CH2=CHR)H (M = Ta, Nb; Cp’ = (substituted) cyclopentadienyl; R = H, 
Me, Ar) has been studied in detail,1,27-30 and insertion barriers for the ethylene adducts 
Cp’2Ta(CH2=CH2)H (Cp’ = Cp, Cp*) were determined to be 85.4(4) and 89.2(4) kJ·mol-1 at 
347(1) and 373(1) K  respectively.1 The observed exchange network is thus consistent with 
a direct transfer mechanism. Analysis of the EXSY spectrum of 12 at 311 K using 5 
different mixing times allows determination of the free energy of activation for the 
exchange process to be 80.2 kJ·mol-1. Accurate determination of this value requires careful 
integration of the peaks in the 2D NMR spectrum, which is somewhat complicated by the 
simultaneous occurrence of classical NOE interactions (leading to cross-peaks with 
negative intensity). Since the exchanging groups are all close in space, integration of the 
cross-peaks gives volumes that are lower than for pure exchange correlations (without NOE 
contribution), but taking this into account* does not lead to significantly different values for 
∆G‡. Similar values for ∆G‡ are obtained when performing the analysis on exchanging 
pairs of Cp resonances, indicating that a single process accounts for the observed dynamics. 
No exchange between the propyl and propylene groups in 13 was observed.  
 
                                                          
* The magnitude of pure NOE crosspeaks was determined for the non-exchanging 
diastereotopic ethyl CH2 resonances, and its absolute value was added to the EXSY 
crosspeaks. Analysis of this corrected dataset leads to ∆G‡ = 79.4 kJ·mol-1. 




5.1.3. Reactivity of the ortho-metalated compounds: release of the ortho-
metalated aryl group by β-hydrogen transfer 
Group 5 metal (ansa-)metallocene complexes containing coordinated olefins have been 
studied as model systems for the putative olefin adduct in metallocene-catalysed olefin 
polymerisation.1,2,27,29 Almost all of these are olefin hydride complexes and, although the 
olefin alkyl complexes Cp2MEt(C2H4) (M = Nb, Ta) have been described in the literature 
(including the crystal structure of the niobium derivative),1,31,32 it appears that for the 
majority of group 5 metal olefin alkyl compounds (if formed) the equilibrium is far on the 
side of the olefin hydride complex and free olefin.2 On the other hand, addition of strong π-
acidic ligands (such as CO) to the olefin hydride complexes results in fast insertion to give 
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Scheme 5.5. Insertion reactions of group 5 metal olefin hydride complexes. 
 
When 12 was reacted on NMR scale in C6D6 with 1 bar of ethylene, we did not observe 
insertion chemistry taking place. Instead, the butadiene complex [Me2Ph-CMe2-
C5H4]Ta(C4H8)(C4H6) (14) was obtained as the main product after ca. 16 hours. A mixture 
of two isomers is obtained in a ca. 85:15 ratio, presumably corresponding to the supine and 
prone isomers of the coordinated butadiene ligand (Scheme 5.6).35-38 The room temperature 
1H NMR spectrum of 14 is slightly broadened, and in the 2D EXSY spectrum cross-peaks 
correlating the two species are observed, corroborating the occurrence of exchange between 
the two isomers. The 1H NMR spectrum of both isomers of 14 is indicative of a Cs 
symmetric compound in solution. The butadiene resonances are found at δ -1.60/0.49 (CH2) 
and 7.06 ppm (CH) for the major isomer, which, on the basis of its NOE interactions, we 
assign as supine.  
The analogous complexes Cp’Ta(C4H8)(C4H6) (Cp’ = Cp, Cp*) can be prepared by 
thermolysis of CpTa(C4H8)Me2 in the presence of excess ethylene,39 while 
Cp*Ta(C4H8)(C4H6) is obtained from the reaction of Cp*Ta(PR3)H4 with ethylene,40 or by 
decomposition of Cp*Ta(C4H6)(C2H4) in the absence of additional donor molecules.41 We 
propose the reaction to proceed by a double β-elimination pathway (Scheme 5.6).39,42 
Consistently, the formation of butane and ethane in the reaction mixture is observed by 1H 
NMR spectroscopy. Although tantalum butadiene complexes analogous to 14 have been 
reported previously, the observation that 14 can be prepared from 12 is significant. It shows 
that the ortho-metalation of the pendant arene moiety is readily reversible by β-hydrogen 





that the reaction of 11 (which does not possess a β-hydrogen containing Ta-alkyl group) 
with ethylene does not lead to a butadiene complex. Instead, the ortho-metalated 
metalacyclopentane complex [η1-Me2C6H2-CMe2-η5-C5H4]Ta(Me)(C4H8) (15) is obtained 












R = H (11); CH3 (12)













Scheme 5.6. Proposed reaction pathway to the butadiene complex 14, assisted by β-
hydrogen transfer to the α-aryl carbon atom to release the pendant arene moiety. 




5.2. SYNTHESIS OF CATIONIC DERIVATIVES OF TANTALUM(V)  
5.2.1. Reactivity of tetramethyl derivatives towards Lewis and Brønsted 
acids 
As described in Chapter 2, the conversion of neutral trimethyl Cp-arene complexes of 
titanium(IV) to their cationic dimethyl analogues results in the formation of the ansa-Cp-
arene ligated compounds {[η6-Ar-Z-η5-C5H3R]TiMe2}[B(C6F5)4] (3a-3h). The 10 v.e. 
species that is initially generated is stabilised by coordination of the pendant arene moiety 
to alleviate its steric and electronic unsaturation.43-46 Along similar lines, we reasoned that 
reaction of the tetramethyl tantalum complexes 7b/c with Lewis or Brønsted acids could 
generate the formally 12 v.e. cations [Ar-Z-η5-C5H4]TaMe3+, which might then also interact 
with the arene substituent of the cyclopentadienyl ligand. The related cation Cp*TaMe3+ has 
recently been prepared, and shown to be a sufficiently strong Lewis acid to coordinate a 
pyridine molecule.47 Its high thermal stability, however, stands in marked contrast to that of 
the group 4 metal analogues,48 indicating that the increased coordination number and 






















7                  Z = CMe2 (b); CH2CMe2 (c)                    16  
Scheme 5.7. Synthesis of the cationic trimethyl tantalum compounds 16b/c. 
 
Treatment of the Cp-arene tantalum tetramethyl complexes 7b and 7c with 1 equiv of 
[PhNMe2H][B(C6F5)4] or [Ph3C][B(C6F5)4] in C6D5Br solution at -25 ºC on NMR scale 
results in the clean formation of the corresponding cations {[Ar-Z-η5-
C5H4]TaMe3}[B(C6F5)4] (Z = CMe2 (16b); CH2CMe2 (16c), Scheme 5.7). The NMR 
spectra of these compounds are straightforward, with equivalent Ta-Me groups in the 1H 
and 13C NMR spectra. Solutions of 16b are stable at room temperature for at least 24 hours 
when generated with [Ph3C][B(C6F5)4], but when [PhNMe2H][B(C6F5)4] is used for its 
synthesis, extensive decomposition occurs overnight. Apparently, the co-product PhNMe2 
is responsible for this, but we do not know how the decomposition proceeds or what 
products are generated (based on the decrease of the total intensity in the 1H NMR spectrum 





chemical shift difference for the cyclopentadienyl resonances is indicative of ansa-Cp-
arene coordination. The difference observed for 16b/c (0.08/0.24 ppm) suggests that for the 
tantalum cations there is in solution no interaction between the metal centre and the pendant 
arene moiety. Attempted crystallisation of 16c invariably led to oily precipitates, but single 
crystals of 16b were obtained by diffusion of hexane into a bromobenzene solution. The 
compound crystallises with two independent cations in the unit cell, which differ 
significantly in the orientation of the arene moiety, probably due to packing effects (Figure 
5.5, pertinent interatomic distances and bond angles in Table 5.4). All the Ta-C distances 
are slightly shorter than that of the neutral complexes 6b/c, as anticipated for a more 
electron deficient metal centre with a lower coordination number. The structure 
determination confirms that in both molecules the arene moiety is not coordinated to the 
metal centre: the smallest Ta-C(Ar) distance is well outside bonding range at 3.362(5) Å for 
Ta(1)-C(110). One of the independent molecules (residue 2, molecule on the right in Figure 
5.5) shows an undistorted trigonal pyramidal coordination geometry with similar Me-Ta-
Me bond angles (103.6(3)-109.2(3)º). For the other tantalum centre there is some distortion 
from an ideal trigonal pyramidal TaMe3 moiety: the C(117)-Ta(1)-C(118) angle of 117.2(2) 
is considerably larger than the other Me-Ta-Me angles (97.4(3) and 98.0(3)º). Nevertheless, 
we feel that this may be due to packing effects, instead of a true metal-arene interaction, 




Figure 5.5. Molecular structures of 16b (two independent molecules) showing 50% 
probability ellipsoids. The B(C6F5)4 anion, bromobenzene solvate molecules and hydrogen 
atoms are omitted for clarity. 
 




Table 5.4. Selected bond distances (Å) and angles (º) for {[Ar-CMe2-η5-
C5H4]TaMe3}[B(C6F5)4] (16b). 
 x = 1 x = 2 
Ta(x)–C(x17) 2.094(6) 2.100(8) 
Ta(x)–C(x18) 2.134(5) 2.098(5) 
Ta(x)–C(x19) 2.107(6) 2.103(8) 
Ta(x)–Cg(Cp) 2.076(3) 2.073(3) 
Ta(x)–C(x1) 2.416(6) 2.400(6) 
Ta(x)–C(x2) 2.373(6) 2.371(7) 
Ta(x)–C(x3) 2.370(5) 2.363(5) 
Ta(x)–C(x4) 2.400(5) 2.401(5) 
Ta(x)–C(x5) 2.462(5) 2.443(5) 
C(x5)–C(x6)–C(x9) 107.6(4) 110.8(4) 
 
In contrast to its group 4 analogues, the tantalum cation 16b does not react with olefins:  
a bromobenzene-d5 solution of 16b remains unchanged under 1 bar of ethylene at room 
temperature, while at 80 ºC extensive decomposition of the cation occurs without the 
formation of polymer. Related half-sandwich tantalum(V) complexes have been studied as 
catalysts for catalytic ethylene polymerisation, but in general low activities are 
observed.47,49-52 A notable exception to this are the diene complexes Cp’M(η4-diene)X2 (Cp’ 
= Cp, Cp*; M = Nb, Ta; X = Cl, Me), which upon activation with MAO were shown to 
catalyse the formation of polyethylene in a living fashion with Mw/Mn as low as 1.05.3,4,53 
Due to the decreased oxophilicity compared to group 3 and 4 metal based catalyst systems, 
group 5 metal complexes have recently attracted attention as catalysts for the 
polymerisation of functionalised monomers, such as methyl methacrylate (MMA).7,49,52,54 
 
5.2.2. Reactivity of olefin adducts towards Lewis and Brønsted acids 
The reaction of the metalacyclopropane species 8 with [PhNMe2H][B(C6F5)4] and 
[Ph3C][B(C6F5)4] was examined by NMR spectroscopy in C6D5Br solution at -25 ºC. 
Protonation using the former reagent resulted in the clean formation of the ionic compound 
{[Ar-CMe2-η5-C5H4]TaMe2(Et)}[B(C6F5)4] (17) by exclusive attack of H+ on the 
coordinated olefin (Scheme 5.8). The identity of 17 was established by 2D NMR 
spectroscopic methods, with diagnostic signals at δ 2.45/8.21 (TaCH2CH3), 0.04/83.3 
(TaCH2CH3) and 0.33/74.9 ppm (TaMe) in the 1H/13C NMR spectrum. Reaction with the 





compounds of which the major species (~ 65%) was identified as {[Ar-CMe2-η5-
C5H4]TaMe2(CH2CH2CPh3)}[B(C6F5)4] (18), resulting from Ph3C+ attack on the 
metalacyclopropane ring in 8 (Scheme 5.8). A minor component in the mixture (~ 25%) is 
the methide abstraction product {[Ar-CMe2-η5-C5H4]TaMe(C2H4)}[B(C6F5)4] (19), based 
on mutually J-coupled (pseudo triplet) 1H NMR resonances at δ 2.97, 2.86, 1.57 and 1.04 
ppm for the CH2CH2 moiety, and a single TaMe resonance at 0.86 ppm (13C: 86.3 ppm). 
Consistent with the formation of 19 is the presence of a small amount of Ph3CMe in the 
mixture (identified by NMR and GC/MS). Performing the reaction at room temperature 
does not significantly change the ratio of 18 and 19, and consequently we were unable to 
make one of these products selectively. The cationic compounds 17-19 are sufficiently 
stable in bromobenzene solution at -25 ºC to be characterised by NMR methods, but 
decompose at room temperature within hours (a decomposition product of 17 was 


























18 19  
Scheme 5.8. Reactivity of 8 towards [PhNMe2H][B(C6F5)4] and [Ph3C][B(C6F5)4]. 
 
In addition, we have examined the reaction of 12 with the Lewis acids [Ph3C][B(C6F5)4] 
and B(C6F5)3 (Scheme 5.9). While in the case of [Ph3C][B(C6F5)4] an intractable mixture 
was generated, the reaction between 12 and the borane B(C6F5)3 afforded cleanly the 
zwitterionic species [η1-Me2C6H2-CMe2-η5-C5H4]TaEt(CH2CH2B(C6F5)3) (20). In the 19F 
NMR spectrum at -25 °C, a single borate species is observed with ∆δ(m,p-F) = 4.2 ppm, 
which is in the range found for related zwitterionic early transition metal complexes with a 
C2 tether between the cationic metal centre and the borate anion.22,55,56 Treatment of 12 with 
[PhNMe2H][B(C6F5)4] initially proceeds by protonation at one of the metalacyclopropane 
carbon atoms, but ensuing reactivity occurs. The final product is a formally Ta(III) cation 
that is generated by the liberation of an equivalent of olefin. Details of its formation, as well 
as structural and reactivity studies are the subject of Chapter 6.  

















Scheme 5.9. Reactivity of 12 towards [Ph3C][B(C6F5)4] and B(C6F5)3. 
 
5.3. CONCLUSIONS  
The synthesis of tantalum complexes bearing Cp-arene ligands is straightforward and the 
complexes that are obtained are in many ways analogous to those that do not have an arene 
substituent on the cyclopentadienyl ring. However, the presence of the pendant arene 
moiety allows trapping of a reactive bis(olefin) intermediate that is generated by two 
consecutive β-hydrogen elimination (reduction) reactions upon treatment with 2 equiv of n-
alkyl Grignard reagents. The resulting ortho-metalated compounds contain a variety of 
different Ta-C bonds (alkyl, alkene and aryl), the reactivity of which was evaluated. From 
the above results it is clear that in the presence of multiple Ta-C bonds, Lewis and/or 
Brønsted acids preferably react with the alkene moiety, in part due to its (strained) 
metalacyclopropane character. The generation of cationic derivatives was evaluated in an 
attempt to obtain ansa-Cp-arene coordination as described for cationic titanium complexes 
in the previous chapters. However, in none of the cases described here we found evidence 
indicating an η6-interaction between the metal centre and the pendant arene moiety. It 
appears that this is mainly due to the increased coordination number and diminished 














5.4. EXPERIMENTAL SECTION 
General Considerations. See the Experimental Section in Chapter 2 for details. In 
addition: Toluene-d8 (Aldrich) was vacuum transferred from Na/K alloy. TaCl5 (99.99%, 
Fluka), ethylene (3.5 LBX, Praxair), Me2Zn (2.0 M in toluene, Aldrich; or 1.2 M in toluene, 
Acros Organics), EtMgCl (2.0 M in Et2O, Aldrich) and nPrMgCl (2.0 M in Et2O, Aldrich) 
were used as received. The reagent B(C6F5)3 was synthesised according to a published 
procedure.57,58  
[Ar-CMe2-η5-C5H4]TaMe3Cl (6b). To a suspension of TaCl5 (1.8 g, 5.0 mmol) in 30 mL 
of toluene was added ZnMe2 (4.2 mL of a 2.0 M solution in toluene, 8.4 mmol) to generate 
TaMe3Cl2 in situ. After stirring the mixture at room temperature for 1 hour, the solution 
was filtered to remove ZnCl2. A suspension of [Ar-CMe2-C5H4]Li (1.0 g, 4.6 mmol) in 15 
mL of toluene was added to the light greenish filtrate at 0 ºC. The mixture was stirred at 0 
ºC for 1 hour and then at room temperature for another 3 hours. The yellow-orange 
suspension was filtered to remove the LiCl by-product, and the solvent was removed from 
the filtrate in vacuo. To remove residual toluene, the solid product was stirred with 10 mL 
of pentane, which was subsequently pumped off. Extraction with pentane (3 × 50 mL), 
concentration of the extract and cooling to -78 ºC overnight gave 1.46 g of yellow-orange 
crystalline 6b (3.1 mmol, 67%). 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.79 (s, 2H, Ar o-H), 
6.65 (s, 1H, Ar p-H), 5.59 (ps t, J = 2.6, Cp), 5.42 (ps t, J = 2.6, Cp), 2.12 (s, 6H, ArMe), 
1.55 (s, 6H, CMe2), 1.18 (s, 9H, TaMe). 13C NMR (125.7 MHz, C6D6, 25 ºC) δ 149.0 (s, Cp 
ipso-C), 139.7 (s, Ar ipso-C), 137.7 (s, Ar m-C), 128.3 (d, J = 158, Ar p-CH), 124.0 (d, J = 
155, Ar o-CH), 113.4 (d, J = 180, Cp CH), 107.3 (d, J = 177, Cp CH), 67.0 (q, J = 122, 
TaMe), 39.5 (s, CMe2), 28.6 (q, J = 127, CMe2), 21.6 (q, J = 126, ArMe). Anal. Calcd for 
C19H28ClTa: C, 48.3; H, 5.97. Found: C, 48.0; H, 5.85. 
[Ar-CH2CMe2-η5-C5H4]TaMe3Cl (6c). A solution of TaMe3Cl2 was prepared by stirring 
TaCl5 (0.70g, 1.95 mmol) with Me2Zn (1.92 mL of a 2.0 M solution in toluene, 3.24 mmol) 
in 25 mL of toluene. After filtration, the light greenish filtrate was treated with a suspension 
of [Ar-CH2CMe2-C5H4]Li* (0.41g, 1.77 mmol) in toluene at 0 ºC and subsequently allowed 
to warm to room temperature. After stirring for 30 min, the reaction mixture was 
evaporated to dryness and the product extracted into pentane (2 × 50 mL). Removal of the 
volatiles afforded a dark yellow oil. Addition of a small amount of pentane and standing 
overnight afforded large dark orange crystals of 6c (380 mg, 0.78 mmol). Workup of the 
mother liquor gave another 150 mg of dark orange/brown solid. Total yield: 530 mg, 1.09 
mmol (62%). 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.76 (s, 1H, Ar p-H), 6.32 (s, 2H, Ar o-
H), 5.54 (ps t, J = 2.7, Cp), 5.17 (ps t, J = 2.7, Cp), 2.44 (s, 2H, CH2), 2.16 (s, 6H, ArMe), 
1.15 (s, 9H, TaMe), 1.13 (s, 6H, CMe2). 13C NMR (125.7 MHz, C6D6, 25 ºC) δ 138.6 (s, Cp 
ipso-C), 137.5 (s, Ar ipso-C), 136.9 (s, Ar m-C), 128.0 (d, J = 160, Ar o-CH), 128.2 (d, J = 
158, Ar p-CH), 113.1 (d, J = 179, Cp CH), 107.5 (d, J = 177, Cp CH), 69.9 (q, J = 122, 
TaMe), 52.7 (t, J = 129, CH2), 37.3 (s, CMe2), 26.6 (q, J = 126, CMe2), 21.3 (q, J = 127, 
ArMe). Anal. Calcd for C20H30ClTa: C, 49.3; H, 6.21. Found: C, 49.1; H, 6.15. 




* [Ar-CH2CMe2-C5H4]Li was prepared by treatment of a Et2O suspension of [Ar-CH2CMe2-
C5H4]Li(TMEDA) with water. The Et2O layer was washed with water, dried on MgSO4 and 
the product distilled using a Kugelrohr apparatus to give a yellow oil. Deprotonation with 
BuLi in Et2O at -30 ºC, followed by stirring overnight at RT, gave a white suspension. 
Removal of the volatiles and washing with pentane gave [Ar-CH2CMe2-C5H4]Li as a white 
solid. 
[Ar-CMe2-η5-C5H4]TaMe4 (7b). A stirred solution of 6b (235 mg, 0.497 mmol) in 10 mL 
of Et2O was cooled to -78 ºC, and 0.18 mL of MeMgCl (3.0 M in THF, 0.54 mmol) was 
added. The solution was allowed to warm to room temperature. After stirring at room 
temperature for 1 hour all volatiles were evaporated in vacuo. To remove residual Et2O, the 
resulting solid was stirred with 5 mL of pentane which was then pumped off. Extraction 
into pentane (2 × 20 mL), concentration of the extract and cooling to -78 ºC overnight gave 
180 mg of 7b as a yellow microcrystalline powder. Concentration and subsequent cooling 
of the mother liquor afforded another 19 mg of microcrystalline 7b. Total yield 199 mg 
(0.440 mmol, 88%). 1H NMR (400 MHz, C6D6, 25 ºC) δ 6.86 (s, 2H, Ar o-H), 6.68 (s, 1H, 
Ar p-H), 5.63 (ps t, J = 2.8, 2H, Cp), 5.16 (ps t, J = 2.8, 2H, Cp), 2.14 (s, 6H, ArMe), 1.43 
(s, 6H, CMe2), 1.00 (s, 12H, TaMe). 13C NMR (100.6 MHz, C6D6, 25 ºC) δ 149.5 (s, Cp 
ipso-C), 137.7 (s, Ar m-C), 128.1 (d, overlapped, Ar p-CH), 124.4 (d, J = 152, Ar o-CH), 
113.2 (d, J = 175, Cp CH), 106.6 (d, J = 176, Cp CH), 71.3 (q, J = 120, TaMe), 39.3 (s, 
CMe2), 29.8 (q, J = 127, CMe2), 21.5 (q, J = 126, ArMe). Ar ipso-C not located. Anal. 
Calcd for C20H31Ta: C, 53.1; H, 6.91. Found: C, 53.2; H, 6.89. 
[Ar-CH2CMe2-η5-C5H4]TaMe4 (7c). To a solution of 6c (220 mg, 0.452 mmol) in 10 mL 
Et2O at -50 ºC was added 0.16 mL of MeMgCl (3.0 M in THF, 0.48 mmol). The reaction 
mixture was stirred while slowly warming to room temperature, and all volatiles were 
removed in vacuo. To remove residual Et2O, the solid was stirred with 5 mL of pentane and 
evaporated to dryness. The residue was extracted into pentane and the product crystallised 
by cooling the concentrated extract to -78 ºC to give 167 mg of yellow crystalline 7c (0.358 
mmol, 79%). 1H NMR (400 MHz, C6D6, 25 ºC) δ 6.77 (s, 1H, Ar p-H), 6.41 (s, 2H, Ar o-
H), 5.40 (ps t, J = 2.7, Cp), 5.29 (ps t, J = 2.7, Cp), 2.50 (s, 2H, CH2), 2.18 (s, 6H, ArMe), 
1.04 (s, 6H, CMe2), 0.97 (s, 12H, TaMe). 13C NMR (75.4 MHz, C6D6, 25 ºC) δ 137.8 (s, Cp 
ipso-C), 136.9, (s, Ar m-C), 129.1 (d, overlapped, Ar CH), 128.2 (d, J = 158, Ar CH), 110.8 
(d, J = 175, Cp CH), 108.3 (d, J = 176, Cp CH), 71.9 (q, J = 120, TaMe), 53.1 (t, J = 127, 
CH2), 37.1 (s, CMe2), 26.9 (q, J = 126, CMe2), 21.3 (q, J = 125, ArMe). Ar ipso-C not 
located. Anal. Calcd for C21H33Ta: C, 54.1; H, 7.13. Found: C, 54.6; H, 7.22. 
[Ar-CMe2-η5-C5H4]TaMe2(C2H4) (8). To a solution of 6b (200 mg, 0.423 mmol) in 10 mL 
of Et2O at -30 °C was added EtMgCl (0.22 mL of a 2.0 M solution in Et2O, 0.44 mmol). 
After warming to room temperature, a bright red mixture was obtained. All volatiles were 
removed in vacuo, and the residue was extracted with pentane (2 × 20 mL). Concentration 
of the extract and cooling to -78 ºC gave 105 mg of 8 as a red, somewhat sticky powder 
(0.233 mmol, 55%). 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.88 (s, 2H, Ar o-H), 6.69 (s, 1H, 
Ar p-H), 5.78 (ps t, J = 2.7, Cp), 5.21 (ps t, J = 2.7, Cp), 2.22 (s, 4H, Ta(H2C=CH2)), 2.14 





ºC) δ 149.7 (s, Cp ipso-C), 137.6 (s, Ar m-C), 131.1 (s, Ar ipso-C), 128 (overlapped, Ar p-
CH), 124.3 (d, J = 154, Ar o-CH), 107.1 (d, J = 174, Cp CH), 105.1 (d, J = 174, Cp CH), 
78.8 (t, J = 146, Ta(H2C=CH2)), 65.6 (q, J = 119, TaMe), 39.0 (s, CMe2), 29.7 (q, J = 127, 
CMe2), 21.6 (q, J = 126, ArMe). Anal. Calcd for C20H29Ta: C, 53.33; H, 6.49. Found: C, 
52.23; H, 6.30.  
[Ar-CMe2-η5-C5H4]TaMe2(C3H6) (9). A solution of 6b (406 mg, 0.859 mmol) in 20 mL of 
Et2O at -50 °C was treated with 1 equivalent of nPrMgCl (0.43 mL of a 2.0 M solution in 
Et2O). The mixture was stirred while slowly warming to room temperature. After stirring 
for 30 min, the red solution was evaporated to dryness, and the residue extracted into 
pentane (2 × 20 mL). Removal of all volatiles in vacuo afforded a red sticky oil (366 mg, ~ 
92%). NMR analysis showed it to be ca. 90% pure (it was contaminated with a small 
amount of 13 and minor unidentified impurities). Attempted recrystallisation from pentane 
at -30 ºC was not successful. 1H NMR (500 MHz, C6D6, 25 ºC) 6.91 (s, 2H, Ar o-H), 6.69 
(s, 1H, Ar p-H), 5.92 (m, 1H, Cp), 5.57 (m, 1H, Cp), 5.40 (m, 1H, Cp), 4.96 (m, 1H, Cp), 
2.98 (dd, 1H, 2J = 9.2, 3J = 15.5, Ta(CHH’=CHMe)), 2.26 (m, 1H, Ta(CHH’=CHMe)), 
2.14 (s, 6H, ArMe), 2.13 (d, 3H, J = 7.3, Ta(CHH’=CHMe)), 2.04 (ps t, 1H, 2J = 9.2, 3J ≈ 
11.4, Ta(CHH’=CHMe)), 1.37 (s, 1H, CMe2), 1.34 (s, 3H, CMe2), 0.27 (s, 3H, TaMe), 0.26 
(s, 3H, TaMe). 13C NMR (approx. values taken from a HSQC spectrum; only CH 
resonances, C6D6, 25 ºC) δ 127.0 (Ar p-CH), 123.4 (Ar o-CH), 110.1 (Cp CH), 104.5 (Cp 
CH), 102.7 (Cp CH), 102.0 (Cp CH), 86.6 (Ta(CH2=CHMe)), 85.4 (Ta(CH2=CHMe)), 65.2 
(TaMe), 63.1 (TaMe), 29.1 (CMe2), 28.6 (CMe2), 21.6 (Ta(CH2=CHMe)), 20.6 (ArMe). 
NMR scale reaction of 8 with ethylene. A J. Young NMR tube containing a solution of 
4.1 mg 8 in 0.4 mL of C6D6 was degassed by three freeze-pump-thaw cycles. The tube was 
pressurised with 1 bar of ethylene at room temperature. NMR spectroscopy showed clean 
transformation to [Ar-CMe2-Cp]Ta(C4H8)Me2 (10). 1H NMR (500 MHz, C6D6, 20 ºC) δ 
6.83 (s, 2H, Ar o-H), 6.69 (s, 1H, Ar p-H), 5.54 (ps t, J = 2.7, 2H, Cp), 5.04 (ps t, J = 2.7, 
2H, Cp), 2.98 (m, 4H, TaCH2CH2), 2.16 (s, 6H, ArMe), 1.87 (ps. t, J = 6.4, 4H, 
TaCH2CH2), 1.39 (s, 6H, CMe2), 0.50 (s, 6H, TaMe). 13C NMR (approx. values taken from 
a HSQC spectrum; only CH resonances, C6D6, 20 ºC) δ 128.3 (Ar p-CH), 124.2 (Ar o-CH), 
114.1 (Cp CH), 105.3 (Cp CH), 101.7 (TaCH2CH2), 63.0 (TaMe), 34.9 (TaCH2CH2), 30.4 
(CMe2), 21.8 (ArMe). 
[η1-Me2C6H2-CMe2-η5-C5H4]Ta(Me)(C2H4) (11). A solution of 7b (395 mg, 0.873 mmol) 
in 10 mL of Et2O was cooled to -50 ºC, and 2.1 equivalents of EtMgCl (0.92 mL of a 2.0 M 
solution in Et2O) were added dropwise with stirring. After the mixture had warmed to room 
temperature, the solvent was evaporated and the red residue extracted into pentane (2 × 20 
mL). The pentane solution was concentrated and cooled to -78 ºC overnight to give a red 
precipitate, which by NMR was shown to be a 85/15 mixture of 11/12. Recrystallisation 
from pentane at -30 ºC afforded crystalline material that consisted of 11 in > 95% purity 
(120 mg, 0.277 mmol, 32%). 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.75 (s, 2H, Ar H), 6.08 
(m, 1H, Cp), 5.97 (m, 1H, Cp), 5.90 (m, 1H, Cp), 4.50 (m, 1H, Cp),  2.74 (m, 2H, 
Ta(H2C=CH2)), 2.41 (s, 3H, ArMe), 2.28 (m, 2H, Ta(H2C=CH2)), 2.07 (s, 3H, ArMe), 1.47 
(s, 3H, CMe2), 1.13 (s, 3H, CMe2), 0.33 (s, 3H, TaMe). 13C NMR (125.7 MHz, C6D6, 25 




ºC) δ 204.6 (s, Ar o-C), 165.5 (s, Cp ipso-C), 137.7, 136.8 and 135.8 (s, Ar ipso- and m-C), 
129.2 (d, overlapped, Ar CH), 123.1 (d, J = 151, Ar CH), 116.9 (d, J = 175, Cp CH), 104.7 
(d, J = 176, Cp CH), 101.8 (d, J = 177, Cp CH), 98.9 (d, J = 175, Cp CH), 81.1 (t, J = 146, 
Ta(H2C=CH2)), 66.9 (q, J = 118, TaMe), 41.9 (s, CMe2), 32.7 (q, J = 126, CMe2), 30.1 (q, J 
= 127, CMe2), 24.7 (q, J = 126, ArMe), 21.7 (q, J = 127, ArMe). Anal. Calcd for C19H25Ta: 
C, 52.54; H, 5.80. Found: C, 53.05; H, 5.90. 
[η1-Me2C6H2-CMe2-η5-C5H4]Ta(Et)(C2H4) (12). To a cold (-80 ºC) solution of 6b (116 
mg, 0.245 mmol) in 10 mL of Et2O was added 0.25 mL of EtMgCl (2.0 M solution in Et2O, 
0.50 mmol). After slow warming to room temperature, the resulting red mixture was stirred 
for 1 h. Subsequent removal of the volatiles in vacuo and extraction with pentane gave a 
dark red solution. Concentration of the pentane solution and cooling to -78 ºC gave 52 mg 
of a dark red powder, consisting of a 10/90 mixture of 11/12 (0.116 mmol, 47%). 
Recrystallisation from pentane gave crystals of 12 that were suitable for X-ray analysis. 1H 
NMR (500 MHz, C6D6, 25 ºC) δ 6.77 (s, 1H, Ar H), 6.75 (s, 1H, Ar H), 6.08 (m, 1H, Cp), 
5.95 (m, 1H, Cp), 5.84 (m, 1H, Cp), 4.60 (m, 1H, Cp),  2.69 (m, 2H, Ta(H2C=CH2)), 2.43 
(s, 3H, ArMe), 2.28 (m, 2H, Ta(H2C=CH2)), 2.09 (s, 3H, ArMe), 1.70 (dq, 1H, 2J = 12.1, 3J 
= 7.7, 1H, TaCHH’CH3), 1.47 (s, 3H, CMe2), 1.21 (t, J = 7.7, 3H, TaCH2CH3), 1.13 (s, 3H, 
CMe2), 0.41 (dq, 1H, 2J = 12.1, 3J = 7.7, 1H, TaCHH’CH3). 13C NMR (125.7 MHz, C6D6, 
25 ºC) δ 203.2 (s, Ar o-C), 165.9 (s, Cp ipso-C), 137.4, 136.9 and 136.3 (s, Ar ipso- and m-
C), 129.1 (d, overlapped, Ar CH), 123.1 (d, J = 151, Ar CH), 116.3 (d, J = 176, Cp CH), 
104.2 (d, J = 174, Cp CH), 101.7 (d, J = 177, Cp CH), 98.5 (d, J = 173, Cp CH), 78.8 (t, J = 
118, TaCH2CH3), 78.7 (t, J = 146, Ta(H2C=CH2)), 42.0 (s, CMe2), 32.6 (q, J = 127, CMe2), 
30.3 (q, J = 127, CMe2), 25.0 (q, J = 125, ArMe), 21.7 (q, J = 126, ArMe), 10.5 (q, J = 126, 
TaCH2CH3). Anal. Calcd for C20H27Ta: C, 53.57; H, 6.07. Found: C, 54.05; H, 6.13.  
[η1-Me2C6H2-CMe2-η5-C5H4]Ta(nPr)(C3H6) (13). A stirred solution of 6b (394 mg, 0.833 
mmol) in 30 mL of Et2O was cooled to -50 ºC and nPrMgCl (0.88 mL of a 2.0 M solution in 
Et2O, 1.75 mmol) was syringed in. The mixture was allowed to slowly warm to room 
temperature, during which the colour gradually changes to red. All volatiles were removed 
in vacuo, and the residue was extracted with pentane (2 × 30 mL). The pentane solution 
was concentrated and cooled to -78 ºC overnight, giving 110 mg of dark red crystals of 13. 
Further concentration of the mother liquor and cooling to -78 ºC afforded  another 19 mg of 
crystalline product (total 129 mg, 0.271 mmol, 33%). Major isomer (Me substituent on 
propylene towards cyclopentadienyl): 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.76 (s, 2H, Ar 
H), 6.20 (m, 1H, Cp), 5.92 (m, 1H, Cp), 5.80 (m, 1H, Cp), 4.56 (m, 1H, Cp), 2.87 (dd, 1H, 
2J = 8.7, 3J = 14.9, Ta(CHH’=CHMe)), 2.75 (m, 1H, Ta(CH2=CHMe)), 2.48 (dd, 1H, 2J = 
8.7, 3J = 10.5, Ta(CHH’=CHMe)), 2.42 (s, 3H, ArMe), 2.09 (s, 3H, ArMe), 1.85 (d, 3H, J = 
7.3, TaCH2=CHMe), 1.82 (m, 1H, TaCH2CHH’Me), 1.55 (m, 1H, TaCH2CHH’Me), 1.53 
(m, 1H, TaCHH’CH2Me), 1.50 (s, 3H, CMe2), 1.18 (s, 3H, CMe2), 1.03 (t, 3H, J = 7.0, 
TaCH2CH2Me), 0.39 (m, 1H, TaCHH’CH2Me). 13C NMR (125.7 MHz, C6D6, 25 ºC) δ 
202.3 (s, Ar o-C), 165.8 (s, Cp ipso-C), 137.3, 136.7 and 136.3 (s, Ar ipso- and m-C), 129.1 
(d, overlapped, Ar CH), 123.1 (d, J = 152, Ar CH), 116.4 (d, J = 174, Cp CH), 104.0 (d, J = 





TaCH2CH2Me), 88.8 (d, J = 145, Ta(CH2=CHMe)), 84.2 (t, J = 145, Ta(CH2=CHMe)), 
42.0 (s, CMe2), 32.7 (q, J = 127, CMe2), 30.2 (q, J = 127, CMe2), 25.3 (q, overlapped, 
ArMe), 24.7 (t, overlapped, TaCH2CH2Me), 21.7 (q, J = 126, ArMe), 21.3 (q, J = 127, 
TaCH2CH2Me), 21.0 (q, J = 122, Ta(CH2=CHMe). Minor isomer (Me substituent on 
propylene away from cyclopentadienyl): 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.76 (s, 2H, 
Ar H), 6.12 (m, 1H, Cp), 5.95 (m, 1H, Cp), 5.78 (m, 1H, Cp), 4.68 (m, 1H, Cp), 3.79 (m, 
1H, Ta(CHH’=CHMe), 2.53 (d, 3H, J = 6.3, Ta(CH2=CHMe), 2.50  (s, 3H, ArMe), 2.08 (s, 
3H ArMe), ~1.9 (m, 1H, TaCH2CHH’Me), 1.78 (m, 1H, Ta(CHH’=CHMe), 1.74 (m, 1H, 
Ta(CH2=CHMe)), ~1.6 (m, 1H, TaCH2CHH’Me), 1.56 (m, 1H, TaCHH’CH2Me), 1.50 (s, 
3H, CMe2), 1.27 (s, 3H, CMe2), 1.00 (t, 3H, J = 7.3, TaCH2CH2Me), 0.44 (m, 1H, 
TaCHH’CH2Me). 13C NMR (125.7 MHz, C6D6, 25 ºC) δ 204.3 (Ar o-C), 167.7 (Cp ipso-C), 
138.7, 137.5 and 137.4 (Ar ipso- and m-C), 129.2 (Ar CH), 123.2 (Ar CH), 115.9 (Cp CH), 
103.5 (Cp CH), 102.0 (Cp CH), 99.6 (Cp CH), 92.9 (d, J ≈ 140, Ta(CH2=CHMe)), 90.7 (t, 
J ≈ 115, Ta(CH2=CHMe)), 86.0 (t, J ≈ 145, Ta(CH2=CHMe)), 42.2 (CMe2), 32.7 (CMe2), 
29.6 (CMe2), 26.1 (ArMe), 25.5 (TaCH2CH2Me), 23.0 (ArMe), 22.7 (TaCH2CH2Me), 21.0 
(Ta(CH2=CHMe). Anal. Calcd for C22H31Ta: C, 55.5; H, 6.56. Found: C, 56.3 ; H, 6.78. 
NMR scale reaction of 11 with ethylene. An NMR tube (equipped with Teflon stopcock) 
containing a solution of 11 (ca. 6 mg) in 0.4 mL of toluene-d8 was degassed by three freeze-
pump-thaw cycles on a high-vacuum line. The tube was backfilled with 1 bar of ethylene 
and the reaction was allowed to proceed overnight at room temperature, after which full 
conversion to give mainly (> 90%) [Ar-CMe2-η5-C5H4]Ta(C4H8)(C4H6) (14) (15:85 mixture 
of isomers) was demonstrated by NMR spectroscopy. Resonances were slightly broadened 
at room temperature due to exchange between the two isomers. Major isomer: 1H NMR 
(500 MHz, toluene-d8, -50 ºC) δ 7.06 (br, 2H, CH=CH), 6.98 (s, 2H, Ar o-H), 6.67 (s, 1H, 
Ar p-H), 3.07 (m, 2H, C4H8), 2.25 (m, 2H, C4H8), 2.23 (s, 6H, ArMe), 1.34 (s, 6H, CMe2), 
1.12 (m, 2H, TaCH2 (C4H8)), 0.57 (m, 2H, TaCH2 (C4H8)), 0.49 (dd, 2H, J = 6.9, 3.0, 
TaCH2 (C4H6)), -1.60 (ps t, 2H, J = 6.2, TaCH2 (C4H6)). 13C NMR (125.7 MHz, toluene-d8, 
-50 ºC) δ  150.5 (s, Ar ipso-C), 139.0 (s, Cp ipso-C), 137.3 (s, Ar m-C), ~ 128 (overlapped, 
Ar p-CH), 116.7 (d, J = 165, CH=CH), 112.3 (d, J = 177, Cp CH), 109.8 (d, J = 175, Cp 
CH), 51.5 (t, J = 147, TaCH2 (C4H6)), 49.6 (t, J = 120, TaCH2 (C4H8)), 40.1 (s, CMe2), 37.2 
(t, J = 123, C4H8), 28.5 (q, J = 127, CMe2), 21.7 (q, J = 126, ArMe).  
NMR scale reaction of 12 with ethylene. An NMR tube (equipped with Teflon stopcock) 
containing a solution of 12 (3.6 mg) in 0.4 mL of C6D6 was degassed by three freeze-pump-
thaw cycles on a high-vacuum line. The tube was backfilled with 1 bar of ethylene and the 
reaction was monitored by 1H NMR. Full conversion was achieved after 24 hours and the 
main product shown to be [η1-Me2C6H2-CMe2-η5-C5H4]Ta(Me)(C4H8) (15) by NMR 
spectroscopy. 1H NMR (500 MHz, C6D6, 25 ºC) δ 6.83 (s, 1H, Ar), 6.81 (s, 1H, Ar), 5.89 
(s, 1H, Cp), 5.84 (s, 1H, Cp), 4.96 (s, 1H, Cp), 3.47 (br, 2H, C4H8), 3.12 (br d, 2H, J = 13.6, 
TaCH2 (C4H8)), 2.53 (s, 3H, ArMe), 2.41 (br, 2H, C4H8), 2.11 (s, 3H, ArMe), 1.42 (s, 3H, 
CMe2), 1.23 (s, 3H, CMe2), 1.01 (br, 2H, TaCH2 (C4H8)), 0.46 (s, 3H, TaMe). 13C NMR 
(125.7 MHz, C6D6, 25 ºC) δ  208.0 (s, Ar o-C), 163.5 (s, Cp ipso-C), 139.4 (s, Ar m-C), 
136.8 (s, Ar m-C), 136.7 (s, Ar ipso-C), 129.9 (d, J = 153, Ar CH), 123.7 (d, J = 152, Ar 
CH), 113.6 (d, J = 177, Cp CH), 113.5 (d, J = 177, Cp CH), 108.7 (d, J = 175, Cp CH), 




103.3 (d, J = 176, Cp CH), 95.8 (t, J = 118, TaCH2), 64.1 (q, J = 119, TaMe), 41.9 (s, 
CMe2), 35.9 (t, J = 126, C4H8), 32.4 (q, J = 127, CMe2), 30.5 (q, J = 127, CMe2), 26.1 (q, J 
= 125, ArMe), 21.6 (q, J = 125, ArMe). 
{[Ar-CMe2-η5-C5H4]TaMe3}[B(C6F5)4] (16b). A solution of 7b (76 mg, 0.168 mmol) in 
1.5 mL of bromobenzene was mixed with a solution of [Ph3C][B(C6F5)4] (147 mg, 0.159 
mmol) in 1.5 mL bromobenzene at -30 °C. Hexane (5 mL) was layered on top of the 
solution and allowed to diffuse into the bromobenzene layer at -30 °C. A yellow/orange oil 
precipitated, from which the supernatant was decanted. Pentane was added to the oily 
residue, after which the oil slowly solidified. Washing with pentane and drying in vacuo 
gave 16b as a white powder (158 mg, 0.132 mmol, 83%). Crystals suitable for X-ray 
analysis were obtained by recrystallisation from bromobenzene/hexane at room 
temperature. 1H NMR (500 MHz, C6D5Br, -25 ºC) δ 6.65 (s, 3H, Ar p-H + o-H), 5.63 (br, 
2H, Cp), 5.55 (br, 2H, Cp), 2.17 (s, 6H, ArMe), 1.26 (s, 6H, CMe2), 0.85 (s, 9H, TaMe). 
13C NMR (125.7 MHz, C6D5Br, -25 ºC) δ 151.6 (s), 142.4 (s), 139.2 (s), 129.8 (d, 
overlapped, Ar p-CH), 123.9 (d, J = 155, Ar o-CH), 113.9 (d, J = 181, Cp CH), 103.8 (d, J 
= 181, Cp CH), 85.8 (q, J = 123, TaMe), 39.2 (s, CMe2), 28.7 (q, J = 128, CMe2), 21.5 (q, J 
= 126, ArMe). Anal. Calcd for C92H61B2BrF40Ta2: C, 46.24; H, 2.57. Found: C, 45.83; H, 
2.57. 
NMR scale synthesis of {[Ar-CH2CMe2-η5-C5H4]TaMe3}[B(C6F5)4] (16c). A solution of 
7c (16 mg, 34 µmol) in 0.4 mL of C6D5Br was prepared in an NMR tube and cooled to -30 
ºC. To this was added solid [Ph3C][B(C6F5)4] (33 mg, 1.05 equiv) and the tube was inserted 
into the cold NMR spectrometer. NMR analysis showed full conversion to 16c. 1H NMR 
(500 MHz, C6D5Br, -25 ºC) δ 6.78 (s, 1H, Ar p-H), 6.33 (s, 2H, Ar o-H), 5.61 (br, Cp), 5.37 
(br, Cp), 2.42 (s, 2H, CH2), 2.22 (s, 6H, ArMe), 1.09 (s, 9H, TaMe), 0.68 (s, 12H, CMe2). 
13C NMR (125.7 MHz, C6D5Br, -25 ºC) δ 151.0 (s, Cp ipso-C), 137.5 (s, Ar m-C), 135.5 (s, 
Ar ipso-C), 128.1 (d, J = 159, Ar p-CH), 126.2 (d, J = 160, Ar o-CH), 113.7 (d, J = 181, Cp 
CH), 105.0 (d, J = 181, Cp CH), 86.7 (q, J = 122, TaMe), 51.9 (t, J = 128, CH2), 37.4 (s, 
CMe2), 26.0 (q, J = 127, CMe2), 21.3 (q, J = 126, ArMe).  
NMR scale reaction of 8 with [PhNMe2][B(C6F5)4]. An equimolar amount of 
[PhNMe2H][B(C6F5)4] was added to a cold (-30 °C) solution of 8 (~ 5 mg) in 0.4 mL of 
C6D5Br. NMR analysis at -25 °C showed the product to be {[Ar-CMe2-η5-
C5H4]TaMe2(CH2CH3)}[B(C6F5)4] (17) in ~ 90% purity. 1H NMR (500 MHz, C6D5Br, -25 
ºC) δ 6.61 (s, 1H, Ar p-H), 6.50 (s, 2H, Ar o-H), 5.70 (s, 2H, Cp), 5.51 (s, 2H, Cp), 2.45 (t, 
J = 9.1, 3H, TaCH2CH3), 2.13 (s, 6H, ArMe), 1.23 (s, 6H, CMe2), 0.33 (s, 6H, TaMe), 0.04 
(q, J = 9.1, 2H, TaCH2). 13C NMR (125.7 MHz, C6D5Br, -25 ºC) δ 146.0 (s, Cp ipso-C), 
142.6 (s, Ar ipso-C), 139.1 (s, Ar m-C), ~130 (d, overlapped, Ar p-CH), 123.7 (d, J = 156, 
Ar o-CH), 111.7 (d, J = 180, Cp CH), 104.8 (d, J = 180, Cp CH), 83.3 (t, J = 141, TaCH2), 
74.9 (q, J = 122, TaMe), 38.9 (s, CMe2), 28.8 (q, J = 128, CMe2), 21.5 (q, J = 127, ArMe), 
8.21 (q, J = 128, TaCH2CH3). 
NMR scale reaction of 8 with [Ph3C][B(C6F5)4]. An equimolar amount of 
[Ph3C][B(C6F5)4] was added to a cold (-30 °C) solution of 8 (~ 5 mg) ) in 0.4 mL of 





which the major component (~ 65%) was identified by NMR spectroscopy as {[Ar-CMe2-
η5-C5H4]TaMe2(CH2CH2CPh3)}[B(C6F5)4] (18). 1H NMR (500 MHz, C6D5Br, -25 ºC) δ 
6.65 (s, 1H, Ar p-H), 6.62 (s, 2H, Ar o-H), 5.56 (s, 2H, Cp), 5.46 (s, 2H, Cp), 3.35 (br, 
CH2CPh3), 2.16 (s, 6H, ArMe), 1.20 (br, TaCH2), 1.15 (s, 6H, CMe2), 0.56 (s, 6H, TaMe). 
13C NMR data (from HSQC experiment at -25 ºC) δ 129.6 (Ar p-CH), 124.1 (Ar o-CH), 
113.0 (Cp CH), 107.4 (TaCH2), 104.7 (Cp CH), 79.3 (TaMe), 38.7 (CH2CPh3), 29.7 
(CMe2), 21.9 (ArMe). A minor component (~ 25%) was identified as {[Ar-CMe2-η5-
C5H4]TaMe(CH2CH2)}[B(C6F5)4] (19) based on mutually J-coupled (triplet) 1H NMR 
resonances at δ 2.97, 2.86, 1.57 and 1.04 ppm for the CH2CH2 moiety, and a TaMe 
resonance at 0.86 ppm (13C: 86.3 ppm).  
NMR scale reaction of 11 with B(C6F5)3. To a solution of 4.8 mg of 11 in 0.4 mL of 
C6D5Br at -30 °C was added 1.1 equiv of solid B(C6F5)3. The color of the solution faded to 
yellow and the product was analysed by NMR to be exclusively the zwitterionic compound 
[η1-Me2C6H2-CMe2-η5-C5H4]TaEt(CH2CH2B(C6F5)3) (20). 1H NMR (500 MHz, C6D5Br, -
25 ºC) δ 6.54 (s, 1H, C6H2), 6.52 (s, 1H, C6H2), 5.85 (s, 1H, Cp), 5.72 (s, 1H, Cp), 5.68 (s, 
1H, Cp), 4.88 (s, 1H, Cp), 3.67 (br, 1H, TaCH2CHH’B(C6F5)3), 3.16 (br d, J ≈ 16, 1H, 
TaCH2CHH’B(C6F5)3), 2.21 (s, 3H, ArMe), 1.99 (s, 1H, ArMe), 1.76 (dt, J = 15.7, J = 7.2, 
1H, TaCHH’CH2B(C6F5)3), 1.66 (dq, J = 12.1, J = 7.8, 1H, TaCHH’Me), 1.21 (overlapped, 
TaCHH’Me), 1.19 (s, 3H, CMe2), 1.08 (overlapped, TaCHH’CH2B(C6F5)3), 1.05 (t, J = 7.6, 
3H, TaCH2Me), 0.87 (s, 3H, CMe2). 13C NMR (125.7 MHz, C6D5Br, -25 ºC) δ 199.5 (s, Ar 
o-C), 166.4 (s, Cp ipso-C), 148.3 (d, JCF = 238, o-CF), 143.3 (s, Ar m-C), 139.7 (s, Ar ipso-
C), 138.8 (d, JCF ≈ 236, p-CF),  137.5 (s, Ar m-C), 136.9 (d, JCF = 243, m-CF) 129.9 (d, J = 
162, Ar CH), 123.8 (d, J = 158, Ar CH), 110.3 (d, J = 183, Cp CH), 109.4 (d, J = 180, Cp 
CH), 107.0 (d, J = 180, Cp CH), 106.0 (d, J = 185, Cp CH), 86.2 (t, J = 143, 
TaCH2CH2B(C6F5)3), 81.7 (t, J = 117, TaCH2Me), 42.1 (s, CMe2), 31.2 (q, J = 128, CMe2), 
28.7 (q, J = 128, CMe2), 24.2 (q, J = 126, ArMe), 21.9 (q, J = 126, ArMe), 18.8 (br t, J = 
114, TaCH2CH2B(C6F5)3), 12.3 (q, J = 128, TaCH2CH3). 19F NMR (470.3 MHz, C6D5Br, 
25 ºC) δ -132.2 (br, o-F), -159.7 (t, J = 22, p-F), -163.9 (t, J =22, m-F). 
NMR data for the B(C6F5)4 anion in 16b/c, 17 and 18. 13C NMR (125.7 MHz, C6D5Br): δ 
148.7 (d, JCF = 242, o-CF), 138.6 (d, JCF = 238, p-CF), 136.6 (d, JCF = 241, m-CF), 124.7 
(br, ipso-C). 19F NMR (470.3 MHz, C6D5Br): δ -131.9 (br d, o-F), -161.7 (t, J = 21, p-F), -
165.8 (br t, m-F). 
X-ray crystal structures. Suitable crystals of 6b/c, 11-13 and 16b were mounted on top of 
a glass fibre in a drybox and transferred, using inert-atmosphere handling techniques, into 
the cold nitrogen stream of a Bruker SMART APEX CCD diffractometer. The final unit 
cell was obtained from the xyz centroids of 5182 (6b), 5471 (6c), 7984 (11), 8041 (12), 
9732 (13) and 9622 (16b) reflections after integration. Intensity data were corrected for 
Lorentz and polarisation effects, scale variation, for decay and absorption: a multiscan 
absorption correction was applied, based on the intensities of symmetry-related reflections 
measured at different angular settings (SADABS).59 For 6b, an analytical absorption 
correction was applied (SAINT),60 and reduced to Fo2. The structures were solved by 
Patterson methods and extension of the model was accomplished by direct methods applied 




to difference structure factors using the program DIRDIF.61 For 6b and 16b, the hydrogen 
atoms were generated by geometrical considerations and constrained to idealised 
geometries and allowed to ride on their carrier atoms with an isotropic displacement 
parameter related to the equivalent displacement parameter of their carrier atoms. For 6c 
and 11-13, a difference Fourier synthesis resulted in the location of all hydrogen atoms and 
the hydrogen atom coordinates and isotropic displacement parameters were refined freely, 
except for C18 in 6c and C19 in 12, which did not refine well and were constrained to 
idealised geometries. For 6b, the Cl atom showed unrealistic displacement parameters 
when allowed to vary anisotropically, and additional electron density around the Cl atom 
was observed. A substitutional disorder model incorporating a Br atom was applied, which 
refined to a Cl site occupancy factor of 0.761(4). For 16b, refinement was frustrated by a 
disorder problem: from the solution it was clear that both bromobenzene solvate molecules 
were highly disordered over an inversion centre. No satisfactory discrete model could be 
fitted in this density. The BYPASS (SQUEEZE) procedure62 was used to take into account 
the electron density in the potential solvent area (441.9 Å3/unit cell). All refinement and 
geometry calculations were performed with the program packages SHELXL63 and 
PLATON.64 Crystal data and details on data collection and refinement are presented in 
Table 5.5 and 5.6. 
 
Table 5.5. Crystallographic data for 6b/c and 16b. 
 6b 6c 16b 
chem formula C19H28Br0.24Cl0.76Ta C20H30ClTa 2[C19H28Ta]+ 
2[C24BF20]- C6H5Br 
Mr 472.83 486.86 2389.85 
cryst syst monoclinic monoclinic triclinic 
color, habit orange, block orange, block colourless, needle 
size (mm) 0.42 x 0.36 x 0.10 0.31 x 0.26 x 0.18 0.53 x 0.11 x 0.10 
space group P21/a P21/c P-1 
a (Å) 12.969(1) 7.7549(5) 13.5164(18) 
b (Å) 10.7334(9) 14.0128(8) 17.142(2) 
c (Å) 14.096(1) 17.997(1) 19.177(2) 
α (º) – – 76.112(2) 
β (º) 114.196(1) 90.289(1) 89.724(2) 
γ (º) – – 87.784(2) 
V (Å3) 1789.8(2) 1955.7(2) 4310.1(9) 





ρcalc, g.cm-3 1.794 1.653 1.841 
µ(Mo Kα), cm-1 67.81 57.53 31.35 
F(000) 945.2 960 2328 
temp (K) 100(1) 100(1) 100(1) 
θ range (º) 2.47–29.48 2.69–29.73 2.40–27.45 
data collected (h,k,l) -16:16, -13:13, -17:17 -10:10, -18:18, -22:23 -16:15, -21:21, -23:23 
min and max transm 0.0733, 0.5728 0.2214, 0.4241 0.2032, 0.7370 
no. of rflns collected 13447 17677 34413 
no. of indpndt reflns 3787 4832 17151 
observed reflns Fo ≥ 
4.0 σ (Fo) 
3424 4476 12994 
R(F) (%) 2.81 2.01 4.58 
wR(F2) (%) 6.76 4.78 11.38 
GooF 1.059 1.062 1.016 
weighting a,b 0.0333, 0.0 0.0207, 2.2018 0.0592, 0.0 
params refined 207 308 1185 
min, max resid dens -1.4, 1.9(2) -0.58, 1.11(10) -1.1, 2.4(1) 
 
 
Table 5.6. Crystallographic data for 11-13. 
 11 12 13 
chem formula C19H25Ta C20H27Ta C22H31Ta 
Mr 434.36 448.38 476.44 
cryst syst monoclinic orthorhombic monoclinic 
color, habit red, block red, block red, block 
size (mm) 0.33 x 0.14 x 0.12 0.10 x 0.09 x 0.08 0.34 x 0.29 x 0.21 
space group P21/n Pbca P21/c 
a (Å) 11.4300(7) 10.4308(9) 10.9609(7) 
b (Å) 11.9353(8) 17.339(2) 12.4178(8) 
c (Å) 11.8238(8) 19.078(2) 14.4607(9) 
β (º) 91.643(1) – 107.539(1) 
V (Å3) 1612.35(18) 3450.4(6) 1876.8(2) 




Z 4 8 4 
ρcalc, g.cm-3 1.789 1.726 1.686 
µ(Mo Kα), cm-1 68.08 63.64 58.55 
F(000) 848 1760 944 
temp (K) 100(1) 100(1) 100(1) 
θ range (º) 2.47–29.61 2.35–29.53 2.21–29.64 
data collected (h,k,l) -15:14, -15:15, -15:15 -13:12, -21:21, -23:23 -14:14, -16:16, -19:17 
min and max transm 0.2208, 0.4919 0.4804, 0.6300 0.1666, 0.2924 
no. of rflns collected 14433 25734 16347 
no. of indpndt reflns 3975 3525 4627 
observed reflns Fo ≥ 
4.0 σ (Fo) 
3640 2341 4225 
R(F) (%) 2.67 3.44 2.48 
wR(F2) (%) 6.14 8.40 5.65 
GooF 1.144 0.990 1.114 
weighting a,b 0.0222, 2.7543 0.0401, 0.0 0.0156, 2.9597 
params refined 270 298 332 
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Chapter 6 ‘Low-valent’ tantalum complexes 
with ansa-Cp-arene coordination* 
Niobium and tantalum organometallic complexes in low or intermediate oxidation states 
are relatively rare, but have been shown to exhibit unique reactivity towards small 
molecules. For example, the tantalum(III) compound (silox)3Ta (silox = tBu3SiO-) cleaves 
carbon monoxide to give tantalum oxo and dicarbide species (silox)3Ta=O and 
[(silox)3Ta]2(µ-C2), respectively.1 Its niobium analogue, (silox)3Nb, cleaves the C=N bond 
of pyridine.2 Both processes (A, Chart 6.1) were shown to occur by virtue of the highly 
reducing nature of the d2 M(III) centre supplemented by its electrophilic character. 
Dinitrogen activation is another common theme in the chemistry of low-valent group 5 
metal complexes.3-5 Recently, cleavage of the N2 bond was reported to occur on a 
diniobium tetrahydride complex resulting in a nitride species (B, Chart 6.1). This overall 
reduction of N2 by six electrons occurs without an external reagent.5 Positively charged 
group 5 metal complexes in low formal oxidation states are uncommon, but some arene 
complexes have been reported, including examples in which two phenyl rings of the BPh4 
























































In this chapter, the synthesis of cationic ansa-Cp-arene tantalum(III) complexes will be 
described. The spectroscopic and structural studies presented here show that intramolecular 
arene coordination can be used to add stability to unusual low-valent group 5 metal 
complexes without resorting to classic strong π-acceptor ligands.  
                                                          





6.1. DECOMPOSITION OF TA(V) N-ALKYL CATIONS TO GIVE A TA(III) 
SPECIES WITH ANSA-CP-ARENE COORDINATION 
Protonation of [Ar-CMe2-C5H4]TaMe2(C2H4) (8) using [PhNMe2H][B(C6F5)4] cleanly 
affords the cationic ethyl species {[Ar-CMe2-η5-C5H4]TaMe2(Et)}[B(C6F5)4] (17, see 
Chapter 5, section 5.2.2). Although this compound is stable at -25 ºC in bromobenzene 
solution (no noticeable decomposition had occurred after 16 hours), warming to room 
temperature for ca. 1 hour results in a mixture of compounds, none of which could be 
unequivocally identified. Prolonged standing at room temperature afforded a small amount 
of green crystals. Their insolubility in bromobenzene suggested it to be a di- or 
oligonuclear ionic species, and X-ray analysis confirmed its formulation as the dicationic 
bromide-bridged dimer {[η6-Ar-CMe2-η5-C5H4]Ta(µ-Br)}2[B(C6F5)4]2 (21, Scheme 6.1). 
Although the precise reaction pathway leading to 21 is not clear, the observation of its 
formation is significant since it shows that a Ta(III) species stabilised by ansa-Cp-arene 
coordination is accessible starting from a Ta(V) precursor. This represents a rare instance of 
a 2-electron reduction at a group 5 metal centre that proceeds under mild conditions. 
Neutral group 5 metallocene analogues to 21, e.g. [Cp2Ta(µ-Br)]2,  are prepared by Na/Hg 
reduction of Cp2MX2 (M = Nb, Ta; X = Cl, Br) precursors,8-10 but no structural data is 
available. Adducts of the type Cp’2TaCl(L) (Cp’ = C5H4iPr, Cp*; L = THF, CO, PMe3) are 
generated when performing the reduction in the presence of (excess) L.11,12 Recently, 
Eisenberg and co-workers reported that reduction of Cp*2TaCl2 with Na/Hg under an 





















Scheme 6.1. Decomposition of 17 leading to the ansa-Cp-arene coordinated Ta(III) dimer 
21. 
 
The molecular structure of 21 (Figure 6.1, pertinent interatomic distances and bond 
angles in Table 6.1) is reminiscent of the Ti(III) dimers described in Chapter 2 (section 
2.3). However, while the d1 titanium systems feature an essentially planar arene moiety, the 
coordinated C6 ring in 21 (formally a d2 compound) is significantly puckered, with ring 
folding along the C(19)-C(112) vector of 11.05(5)º. Also, the para-carbon, C(112), is 
displaced by 0.094(8) Å out of the least-squares plane of the C6 ring towards the metal 
centre, and consequently the Ta(1)-C(112) distance is with 2.331(6) Å significantly shorter 
than the Ta-Cmeta bond lengths (2.469(7) and 2.450(7) Å). This distortion from planarity is 




in the same range as that found for the d2 ansa-Cp-arene titanium complex [η6-Ar-CMe2-η5-
C5H4]Ti(CO)2}+ (5b, see Chapter 4), and indicates a significant Ta(V)/dienediyl resonance 
contribution (vide infra).  
Although 21 is insoluble in bromobenzene, it readily dissolves in THF, most likely 
forming the monomeric THF-adduct {[η6-Ar-CMe2-η5-C5H4]TaBr(THF)x}[B(C6F5)4] (21-
THF). Although 21-THF is not stable in solution at room temperature and is fully 
decomposed within 3 days, NMR analysis is consistent with its proposed formulation. In 
agreement with strong arene coordination to the metal centre due to involvement of 
Ta→arene π-backdonation, the arene moiety is not displaced by addition of THF: its 1H 
NMR resonances are found at δ 5.51 (1H) and 5.19 ppm (2H), consistent with a 
coordinated (and partially reduced) arene group.  
 
 
Figure 6.1. Molecular structure of 21 showing 50% probability ellipsoids. The B(C6F5)4 






Table 6.1. Selected bond distances (Å) and angles (º) for 21. 
Ta(1)–Br(1) 2.6368(8)  Ta(1)–Ta(1’) 4.1002(7)  
Ta(1)–Br(1’) 2.6348(8)   
Ta(1)–Cg(Cp) 1.999(3) Ta(1)–Cg(Ar) 1.921(3)    
Ta(1)–C(11) 2.263(7) Ta(1)–C(19) 2.259(6) 
Ta(1)–C(12) 2.388(7) Ta(1)–C(110) 2.353(7) 
Ta(1)–C(13) 2.409(7) Ta(1)–C(111) 2.469(7)       
Ta(1)–C(14) 2.294(7) Ta(1)–C(112) 2.331(6) 
Ta(1)–C(15) 2.260(7) Ta(1)–C(113) 2.450(7) 
C(15)–C(16)–C(19) 93.2(5)  Ta(1)–C(114) 2.373(7) 
φCpa 12.2(5)  φAra 20.0(4)  
τCpb 5.0(3)  τArb 3.2(2)  
αc 61.1(4)  Cg(Cp)–Ta(1)–Cg(Ar) 127.02(12) 
Br(1)–Ta(1)–Br(1’) 77.88(2)  Ta(1)–Br(1)–Ta(1’) 102.12(3)  
a φCp / φAr is the angle between the Cipso-Cbridge vector and the least-squares planes of the 
cyclopentadienyl / arene rings, respectively. b τCp / τAr is the angle between the Ta(1)-Cg(Cp) / Ta(1)-
Cg(Ar) vector, respectively, and the ring normal. c α is the interplanar angle between the least-squares 
planes of the cyclopentadienyl and arene rings.  
 
6.2. SYNTHESIS OF MONOMERIC TANTALUM(III) CATIONS WITH ANSA-
CP-ARENE LIGATION 
6.2.1. Solution structures of [ansa-Cp-arene]TaR+ (R = alkyl, H) 
Treatment of the cyclometalated compounds [η1-Me2C6H2-CMe2-η5-C5H4]Ta(R)(R’) (R’ 
= C2H4, R = Me (11); R = Et (12); R’ = C3H6, R = nPr (13)) with the Brønsted acid 
[PhNMe2H][B(C6F5)4] at -30 ºC in C6D5Br followed by warming to room temperature 
results in the liberation of olefin and formation of the ansa-Cp-arene ligated cations {[η6-
Ar-CMe2-η5-C5H4]TaR}[B(C6F5)4] (R = Me, 22; Et, 23; Pr, 24; Scheme 6.2). Monitoring 
the reaction for 11 by NMR spectroscopy at low temperature allows the identification of the 
intermediate {[η1-Me2C6H2-CMe2-η5-C5H4]TaMe(Et)}[B(C6F5)4] (11-H+), which features 
diagnostic 1H NMR resonances at δ 1.24 and 1.13 ppm (13C: δ 110.9 ppm) for the TaEt CH2  
group as well as a TaMe resonance at δ 0.79/73.3 ppm (1H/13C). Two resonances are 
located in the aromatic region (1H/13C: δ 6.66/124.9 and 6.51/130.0 ppm) with chemical 
shifts that are comparable to those of the neutral parent compound 11, corroborating the 




presence of an ortho-metalated arene moiety. Cation 11-H+ is stable at -25 ºC in C6D5Br 
solution, but warming to temperatures above 0 ºC results in its clean transformation to 22 
with formation of free ethylene. We presume that in the reaction of 12 and 13 with 
[PhNMe2H][B(C6F5)4] products similar to 11-H+ are formed by initial protonation at the 
metalacyclopropane unit, but it appears that these intermediates are less thermally stable 
and evolve rapidly to the final products 23/24 even at -25 ºC. Compounds 22-24 are the 
result of a hydrogen transfer reaction from the β-carbon of a Ta-Et/Pr group to the 
metalated carbon atom of the C6 ring. The feasibility of such a transfer was also shown for 









R = H (12); Me (13)
B(C6F5)4



























Scheme 6.2. Formation of ansa-Cp-arene ligated tantalum(III) cations 22-24 via a β-
hydrogen transfer reaction (while not shown, a resonance structure analogous to B is  
equally valid for 22). 
 
The NMR spectrum of 22 is sharp between -25 ºC and room temperature and indicative 
of a complex with C1 symmetry. The Ta-Me group is found as a singlet at δ -0.55/-9.3 ppm 
for 1H/13C, the upfield shift of which may indicate a weak α-agostic interaction.14 At the 
same time, the fact that 22 retains it C1 symmetry even at higher temperatures suggests that 
in solution a bromobenzene adduct is formed (see also section 6.3).15,16 The n-alkyl species 
23 and 24 show broad 1H NMR resonances at room temperature, suggesting the occurrence 
of chemical exchange. Cooling the samples to -25 ºC allows static NMR spectra to be 
observed, and the number of signals indicates C1 symmetric complexes. In the low 
temperature 1H NMR spectra of 22-24, a group of 6 resonances is found in the range of δ 
4.8 – 3.4 ppm, corresponding to four inequivalent cyclopentadienyl and two Ar ortho-CH 
signals. The para-CH resonance of the coordinated arene moiety in case of the n-alkyl 





for the methyl cation 22 resonates at δ 3.69 ppm. These chemical shift values for the arene 
moiety are consistent with a substantial degree of resonance contribution from a Ta(V) 
species with a doubly reduced arene (cyclohexa-2,5-diene-1,4-diyl), as depicted in Scheme 
6.2 (structure B). The 1H NMR spectra of 23 and 24 at -25 °C show features characteristic 
for a β-agostic alkyl group.14 The α-CH2 protons are diastereotopic, and for the propyl 
analogue 24 the β-CH2 resonances are broad and shifted significantly (δ -1.9 and -5.9 ppm). 
The β-CH3 group of the ethyl cation 22 at δ -3.1 ppm broadens upon lowering the 
temperature from 0 ºC to -25 ºC, but exchange by methyl group rotation is still fast on the 
NMR timescale at that temperature. Warming C6D5Br solutions of 23 and 24 to > 40 ºC 
results in apparent Cs symmetry. For the ethyl cation 23, the dynamics were investigated by 
means of 2D EXSY NMR spectroscopy. Three independent processes are occurring: (i) 
agostic methyl rotation, (ii) inversion at the metal centre, and (iii) β-hydrogen elimination, 
olefin rotation and reinsertion (Scheme 6.3). The first process is fast on the NMR timescale 
down to -25 ºC. The second is evidenced by (amongst others) exchange correlations 
between diastereotopic Ta-CH2 protons at temperatures below ~ 10 ºC, while the latter 
process is only observable at higher temperature (> 40 ºC). The activation parameters for 
inversion were determined by analysis of EXSY spectra at four temperatures between -30 
and +5 ºC, resulting in ∆H‡ = 58.1(8) kJ·mol-1 and ∆S‡ = 1(3) J·mol-1·K-1. Similar values 
were obtained for inversion of the propyl analogue 24 (∆H‡ = 57.9(8) kJ·mol-1 and ∆S‡ = 
4(3) J·mol-1·K-1). The dynamic process at higher temperatures is characterised by exchange 
between the ethyl CH2 and CH3 groups. Detailed analysis of this process is complicated by 
decomposition* of 23 at temperatures where it occurs at a detectable rate (> 50 ºC). 
Nevertheless, from a series of EXSY spectra at three temperatures between 60 and 80 ºC 
we were able to determine the activation parameters as ∆H‡ = 81(2) kJ·mol-1 and ∆S‡ = 
10(7) J·mol-1·K-1. The modest positive value for the entropy of activation contradicts an 
ordered, planar four-centre transition state that is normally invoked for β-hydrogen 
elimination processes.17,18 However, since the measured exchange barrier is a composite of  
β-hydrogen elimination and olefin rotation, a situation in which olefin rotation is slower 
than reinsertion into the metal hydride may account for the observed positive activation 
entropy. The DFT calculated pathway (vide infra) is consistent with this view. 
Extrapolation to room temperature gives ∆G‡ = 78(3) kJ·mol-1 for β-hydrogen elimination / 
olefin rotation, while the corresponding barrier to inversion is substantially lower at 58(1) 
kJ·mol-1. 
For the propyl cation 24, EXSY NMR spectroscopy at 70 °C (at which temperature the 
diastereotopic α- and β-CH2 groups are coalesced) shows exchange between all propyl 1H 
resonances. This suggests that interconversion between n-propyl and i-propyl species is 
feasible, although we have no indication that the i-propyl species is present in any 
detectable amount. Consistent with our assumption that olefin-hydride species are 
intermediates in the observed exchange processes is the fact that 24 reacts immediately with 
excess ethylene at room temperature to give 23 as the only observable tantalum compound.  
                                                          
* Solutions of 23 precipitate green crystals of 21 in the course of hours at elevated 
temperatures, resulting in a gradual decrease in signal intensity of 23 in the EXSY spectra. 















































Scheme 6.3. Representation of dynamic processes occurring in 23: (i) agostic methyl 
rotation (top), (ii) inversion at the metal centre (middle), and (iii) β-hydrogen elimination, 
olefin rotation and reinsertion (bottom).  
 
Brookhart and co-workers reported β-agostic palladium alkyl complexes with α-diimine 
ligands. When the alkyl group is propyl, an equilibrium mixture of the n- and i-propyl 
cations is observed, in favour of the latter by a factor of 20.19,20 Studies of the ethyl 
derivative, which does not suffer from complications due to the equilibrium and additional 
bond rotations, gave exchange barriers that differ substantially from those in 23 (Table 
6.2).18 None of these species show inversion at the metal centre. In contrast to the α-diimine 
palladium systems, for other β-agostic late transition metal ethyl complexes agostic methyl 
rotation is usually much more facile than β-H elimination, and in specific cases inversion at 
the metal centre could be measured (Table 6.2).21,22 
 
Table 6.2. Typical free energies of activation (∆G‡ in kJ·mol-1) for the separate exchange 
processes (Scheme 6.3) in transition metal ethyl cations.  
 23 (NN)PdEt+ a Cp*CoEt(PMe3)+ b 
agostic Me rotation low 35.2d 45.6(8)e 
inversion at the metal centre 58(1)c high 56.1(8)e 
β-H elimination 79(3)c 32.6c > 65.3e 






Treatment of bromobenzene solutions of 22-24 with H2 results in the formation of the 
monohydride species 25 (Scheme 6.4). As is the case for 22-24, the NMR spectra of 25 
indicate a C1 symmetric structure (possibly indicating solvation by bromobenzene, see 
section 6.3) and an η6-coordinated arene. The Ta-H 1H NMR resonance at δ -4.65 ppm 
corresponds to 1H intensity, revealing a contrast to neutral metallocene analogues, which 
form trihydrides (Cp2MH3).23 Although 25 is stable for at least 24 hours in cold (-25 °C) 
bromobenzene solution, attempted isolation by removal of the volatiles led to 
decomposition. Addition of THF to solutions of 25 gave the stable THF adduct 25-THF as 
a faint pink powder in 69% yield. Its 1H NMR spectrum shows a singlet at -3.98 ppm, and 
in the solid state IR spectrum, a broad band at 1760 cm-1 is observed, both consistent with 
the presence of a Ta-H moiety.  
 
R = Me, 22
R = Et, 23
















Scheme 6.4. Synthesis of the cationic monohydride 25 and its THF-adduct. 
 
6.2.2. X-ray crystal structures of [ansa-Cp-arene]TaR+ (R = alkyl, H) 
A preparative scale reaction of 11 with [PhNMe2H][B(C6F5)4] in bromobenzene followed 
by diffusion of hexane into the solution afforded red crystalline material of 22 in essentially 
quantitative yield, and the structure was determined by X-ray crystallography. A crystal 
structure determination was complicated by a disorder problem that persisted also after 
recrystallisation of the material. From the solution it is clear that the Ta-Me group is 
disordered over (at least) two positions, for which the major fraction (refining to a s.o.f. of 
0.575(19)) is shown in Figure 6.2. Unfortunately, the other atom positions are also affected 
by the disorder in the Ta-Me position and the structure is not of sufficient quality to discuss 
the metrical parameters in detail. Nevertheless, a couple of remarkable features are evident 
from the structure. First of all, the structure determination unequivocally establishes the 
ansa-Cp-arene coordination to the Ta(III) centre, with some puckering of the C6 fragment 
due to (partial) reduction (fold angle = 9.7(9)º). Furthermore, it is clear that 22 crystallises 
as the ‘naked’ tantalum methyl cation [η6-Ar-CMe2-η5-C5H4]TaMe+, free from coordinated 
bromobenzene. Its structure is related to that of group 4 metallocene cations, but these have 
only been obtained in pure form as their Lewis base adducts, e.g. Cp’2MMe(L)+ (M = Zr, 
Ti; L = THF, NHC),24-27 or stabilised by interaction with the [MeB(C6F5)3] anion.28 
Recently, Jordan reported the crystal structure of the donor-free cation 




Cp2Zr{CH(SiMe3)2}+, but this compound is stabilised by σ-donation from a Si-Me bond.29 
Complex 22 adopts a trigonal pyramidal structure around the metal centre with the Ta-Me 
group out of the plane through the Ta/Cg(Ar)/Cg(Cp) positions (angle between this plane 
and the Ta-Me vector of 34.3(5)º), instead of the sterically preferred planar arrangement. 
Although this situation may be anticipated on electronic grounds (for d1, d3 or low-spin 
d2),30 22 represents the first instance in which this is structurally corroborated. For instance, 
three-coordinate metallocene complexes with small alkyl groups usually adopt a trigonal 
planar coordination geometry (e.g., Cp*2ScMe,31 Cp*2TiCCtBu,32 or Cp2VCCtBu33). 
 
 
Figure 6.2. Molecular structure of 22 showing 50% probability ellipsoids. The B(C6F5)4 
anions and hydrogen atoms are omitted for clarity, and only the major fraction of the 
disordered Ta-Me group is shown (s.o.f. 0.575(19)). 
 
A small amount of brown crystals of the ethyl analogue 23 was obtained when an NMR 
solution in C6D5Br was layered with hexane, and the propyl compound 24 could be 
prepared on a preparative scale in 88% yield as green/brown crystals from 
bromobenzene/cyclohexane. Their molecular structures are shown in Figure 6.3, with 
pertinent interatomic distances and bond angles in Table 6.3. For 23, the crystal structure 
determination was complicated by disorder: it appears that the CH2 and CH3 positions of 
the β-agostic ethyl group are disordered as a result of non-preferential packing. The crystal 
packing in 24 benefits from the presence of the n-propyl group which precludes the 
possibility of substitutional disorder, and a satisfactory solution could be obtained in this 
case. The overall structures are similar to 22 and in agreement with that gleaned from the 
NMR data, with the agostic CH bond occupying a position in the wedge between the 
cyclopentadienyl and arene rings. For the propyl analogue 24, the acute Ta-Cα-Cβ angles of 
80.7(5)° is indicative of a strong β-agostic interaction. The hydrogen atom of the agostic 
CH bond was located in the difference Fourier map and refined to a Ta…H distance of 
2.05(7) Å. The C-C bonds within the C6 fragment manifest considerable π-localisation, with 





C-C bonds (Table 6.4). The ring is folded along the C(19)-C(112) vector by 9.1(3)° and 
8.6(5) for 23 and 24, respectively. It should be noted that the distortions of the arene moiety 
are much smaller than in Ta(III) arene complexes where the arene is not linked to a Cp 
ligand and the overlap between metal d- and arene π*-orbitals is optimal (ring folding up to 
34.4° has been observed for (C6Me6)Ta(OAr)2Cl).34,35 Nevertheless, the structural 
parameters of 23 and 24 clearly indicate significant resonance contribution from the 
Ta(V)/dienediyl structure (B, Scheme 6.2). 
 
    
Figure 6.3. Molecular structures of 23 (left) and 24 (right) showing 50% probability 
ellipsoids. The B(C6F5)4 anion and hydrogen atoms (except for those on C(118) in 24) are 
omitted for clarity. 
 
Table 6.3. Selected bond distances (Å) and angles (º) for 23, 24 and 25-THF. 
 23 24 25-THF 
Ta(1)–C(117) a 2.234(9)  
Ta(1)–C(118) a 2.471(10)  
Ta(1)–Cg(Cp) 2.012(2) 2.016(3)     2.019(4) 
Ta(1)–C(11) 2.319(5) 2.317(6) 2.318(8) 
Ta(1)–C(12) 2.390(6) 2.409(7) 2.399(8) 
Ta(1)–C(13) 2.393(6) 2.410(8) 2.427(7) 
Ta(1)–C(14) 2.304(5) 2.310(7) 2.323(8) 
Ta(1)–C(15) 2.304(5) 2.297(7) 2.314(8) 
Ta(1)–Cg(Ar) 1.9099(18)     1.917(3)     1.926(3) 
Ta(1)–C(19) 2.284(4) 2.300(6) 2.247(8) 




Ta(1)–C(110) 2.370(4) 2.361(6) 2.398(7) 
Ta(1)–C(111) 2.453(4)       2.474(6) 2.459(8) 
Ta(1)–C(112) 2.341(5) 2.352(6) 2.332(7) 
Ta(1)–C(113) 2.434(5) 2.425(7) 2.481(8) 
Ta(1)–C(114) 2.374(4) 2.391(6) 2.407(7) 
Ta(1)–C(117)–C(118) 75.5(7) 80.7(5)  
C(15)–C(16)–C(19) 94.4(3)  95.0(5) 96.0(6) 
Cg(Cp)–Ta(1)–Cg(Ar) 128.59(9) 128.79(13) 129.97(14) 
αb 57.3(3)  57.7(4) 56.7(4) 
φCpb 14.9(4)  14.2(5) 17.2(5) 
φArb 22.3(3)  23.4(4) 22.7(5) 
τCpb 3.4(3)  4.2(4) 3.8(3) 
τArb 2.45(16)  2.2(2) 2.9(3) 
a the disorder in the Et moiety does not permit a discussion of its metrical parameters. b see footnotes 
to Table 6.1.  
 
Table 6.4. C-C bond lengths (Å) within the coordinated C6 fragment and fold angle along 











a folding along the C(19)-C(112) vector. 
 
 23 24 25-THF 
C(19)–C(110) 1.437(7) 1.450(10) 1.463(11) 
C(110)–C(111) 1.381(7) 1.390(10) 1.384(11) 
C(111)–C(112) 1.418(7) 1.426(9) 1.426(11) 
C(112)–C(113) 1.422(7) 1.447(11) 1.428(11) 
C(113)–C(114) 1.395(7) 1.378(10) 1.365(11) 
C(114)–C(19) 1.444(7) 1.431(9) 1.433(11) 











As mentioned above, the hydride 25 decomposes upon removal of the solvent, but it 
could be crystallised as its THF-adduct 25-THF (Figure 6.4, pertinent interatomic distances 
and bond angles in Table 6.3). The structure determination confirms the proposed 
formulation. The compound possesses a pseudo-tetrahedral geometry around the metal 
centre, with the hydride and THF ligands in the wedge between the C5 and C6 rings. 
Although the C-C bond lengths within the C6 fragment are similar (within experimental 
error) to those of the β-agostic alkyl cations 23 and 24 (Table 6.4), the increased ring 
folding of 14.8(5)º in 25-THF compared to 8.6(5)º in 24 suggests that the strong σ-donor 
ligand (THF) in 25-THF pushes a considerable amount of electron density into the arene 
moiety. Although we were unable to isolate the base-free hydride 25 in pure form, its 
spectroscopic features clearly indicate it to be a monohydride. The analogous neutral 
metallocenes, however, form trihydrides of the type Cp*2TaH3,23 which were characterised 
by X-ray and neutron diffraction studies.36 Eisenberg and co-workers have used 
parahydrogen-induced polarisation techniques and isotopic labelling to study the 
mechanism of Cp*2TaH3 formation from the reaction of Cp*2Ta(R)H (R = CH2, C6H4) with 
H2. It was conclusively shown that the final product is generated by oxidative addition of 
H2 to a transient Ta(III) monohydride species.37,38 
 
 
Figure 6.4. Molecular structure of 25-THF showing 50% probability ellipsoids. The 
B(C6F5)4 anion and hydrogen atoms (except for the Ta-H) are omitted for clarity. 
 
In addition to the monohydride vs. trihydride disparity for [Cp-arene]TaH+ (25) and 
Cp*2TaH3, the ground state structures of 23 and 24 (β-agostic Ta-alkyl) stand in marked 
contrast to that the isoelectronic neutral group 5 metal (ansa-)metallocene analogues: these 
have olefin-hydride ground states.39-43 Olefin-hydride complexes of this type have attracted 
attention as analogues of intermediates in metallocene-catalysed olefin polymerisation.39 
Exchange processes in these complexes have been extensively investigated and are shown 
to occur by insertion of the olefin into the metal-hydride bond to generate a transient n-
alkyl species similar to 23/24.39-43 The barriers for this process are greatly diminished for 




singly bridged ansa-metallocenes compared to unbridged or doubly bridged (ansa-) 
metallocenes.42,43 These results were rationalised in terms of transition state stabilisation: 
the dx2 (a1) orbital that accommodates the two metal-based d-electrons in the Ta(III) 
transition state is lowest in energy for the singly bridged ansa-metallocenes due to 
increased backdonation to the ligand.43,44 The difference in ground state structure between 
23/24 (n-alkyl) or 25 (monohydride) and neutral metallocenes (olefin-hydride or trihydride) 
may be related to the π-acceptor properties of the arene ligand. In this context, it should be 
noted that protonation of Cp2TaH(CO) using HBF4·Et2O in CH2Cl2 at -78 ºC affords the 
dihydrogen adduct [Cp2Ta(H2)(CO)]+ as the major product. In this case, oxidative addition 
to form the dihydride [Cp2Ta(H)2(CO)]+ is prevented by the strong π-backdonation to the 
CO ligand.45,46 
 
6.3. COMPUTATIONAL STUDIES  
The cations 22-25 and 25-THF were studied by DFT methods using the Gaussian03 
program suite.47 Geometry optimisations were performed without symmetry constraints and 
the resulting structures were characterised as ground states (n=0) or transition states (n=1) 
by their number of imaginary frequencies. The structures were calculated in the gas phase 
(no solvent corrections applied) and in all cases the anion was omitted. The optimised 
geometries (22’-24’ and 25’-THF) are in good agreement with those obtained by X-ray 
crystallography. More specifically, the minimum on the potential energy surface for 22’ 
indeed has a trigonal pyramidal structure (Figure 6.5), with the Ta-Me vector out of the 
plane defined by the Ta/Cg(Ar)/Cg(Cp) positions by 12.9º (the value found in the X-ray 
structure is 34.3(5)º). One of the hydrogen atoms on the methyl group is tilted towards the 
metal centre (Ta-C-H angle = 95.8º, Ta…H distance = 2.535 Å), while the remaining 
hydrogens are further away (2.875 and 2.854 Å), consistent with a weak α-agostic 
interaction. A transition state search for inversion at the metal centre afforded a trigonal 
planar geometry that was only 3.7 kJ·mol-1 higher in energy (Gibbs free energies calculated 
at 25 ºC). It thus appears that the potential energy surface for dislocation of the Ta-Me 
group is very shallow, which may in part explain the observed disorder in the crystal 
structure of 22. The barrier to inversion in 22 is significantly higher than the 3.7 kJ·mol-1 
that is calculated for 22’ (the asymmetric structure is retained up to room temperature in 
C6D5Br), which suggests that in solution the cation is stabilised by coordination of a 
bromobenzene molecule. A similar conclusion is reached for the hydride species 25’, for 
which a trigonal planar transition state for inversion was found 12.4 kJ·mol-1 above the 










       
Figure 6.5. Calculated ground state geometry (left) and transition state for inversion at the 
metal centre (right) for 22’. 
 
The optimised geometries of 23’ and 24’ are very similar to those obtained by X-ray 
crystallography, including the β-agostic interaction (Ta…H distance of 2.06 and 2.05 Å; Ta-
Cα-Cβ angle of 82.9 and 84.2º for 23’ and 24’, respectively). In order to evaluate 
computationally the energetic landscape for the exchange processes that were observed in 
solution, we performed additional geometry optimisations for the corresponding olefin-
hydride complexes as well as the transition states for interconversion of these species. The 
results are shown in Figure 6.6. The ethylene-hydride species [η6-Ar-CMe2-η5-
C5H4]Ta(C2H4)H (23a’) was found to be only slightly destabilised relative to the n-ethyl 
structure 23’ (4.2 kJ·mol-1). The calculated barrier to β-hydrogen elimination is relatively 
low, with a transition state (23’elim) that is 23.4 kJ·mol-1 above the ground state structure 
23’. The barrier for rotation of the olefin (23’rot), however, was calculated to be 
significantly higher (64.4 kJ·mol-1). Although this value is somewhat lower than the total 
barrier measured experimentally for 23 (78(3) kJ·mol-1), the calculations confirm that the 
rate-determining step for exchange between the CH2 and CH3 groups of the ethyl ligand is 
rotation of the olefin (23’rot). Specifically, the calculated increase in entropy on going from 
23’ to 23’rot of 2.3 J·mol-1·K-1 is in agreement with the positive activation entropy that was 
found experimentally (∆S‡ = 10(7) J·mol-1·K-1).  
 





Figure 6.6. Calculated Gibbs free energy profile for exchange processes in 23’ (energies 
relative to 23’ in kJ·mol-1 between brackets). The structures show key bond distances (Å), 
the ansa-Cp-arene ligand is omitted for clarity. 
 
Inspection of the frontier molecular orbitals of 23’ and 25’ provides a rationale for the 
difference in ground state structure between the ansa-Cp-arene tantalum cations and their 
neutral tantalocene analogues. For the agostic ethyl cation 23’, the highest occupied 
molecular orbital shows predominant metal d-character, with some mixing with the π*-
system of the C6 ring (Figure 6.7). This is similar to the situation calculated for the 
titanium(II) system [η6-Ar-CMe2-η5-C5H4]Ti+ (Ti(b)+) described in Chapter 4, and shows 
that also for the group 5 metal tantalum the coordinated arene moiety functions as a good 
acceptor ligand. As anticipated, for the alternative ethylene-hydride cation 23a’ (and for the 
tantalocene complexes with olefin-hydride ground state), the composition of the HOMO 
indicates that in that case π-backdonation into the ethylene ligand predominates. The 
observation that the olefin-hydride species 23a’ is only 4.2 kJ·mol-1 higher in energy than 
the ground state agostic ethyl structure suggests that there is a very subtle balance between 
the two. This suggests that small changes in the Cp-arene ligand, in particular the acceptor 
properties of the arene, may lead to compounds with olefin-hydride ground state. A similar 
analysis applies for the monohydride 25’, which is favoured over the trihydride 25a’. 
Oxidative addition of H2 to 25’ is disfavoured since it would result in loss of the stabilising 





        
                         23’    23a’ 
                 
                         25’    25a’ 
Figure 6.7. Comparison of the highest molecular orbital of ethyl (23’) vs. ethylene-hydride 
(23a’) (top), and monohydride (25’) vs. trihydride (25a’) structures for ansa-Cp-arene 
tantalum cations. 
 
6.4. CONCLUSIONS  
Olefin complexes of tantalum with ortho-metalated cyclopentadienyl-arene ligands are 
protonated initially at the coordinated olefin. The resulting n-alkyl cations are unstable at 
ambient temperatures and evolve by transfer of a β-hydrogen atom from the alkyl group to 
the metalated carbon atom of the C6 ring. This results in a series of unusual Ta(III) cations 
that feature ansa-Cp-arene coordination. Spectroscopic and structural studies indicate that 
the intramolecularly coordinated pendant arene moiety serves as a moderate π-acceptor 
ligand. As a result, the complexes show structural characteristics that are intermediate 
between the Ta(III) and Ta(V) oxidation states, which allows considerable differences in 
their chemistry in comparison to the isoelectronic neutral group 5 metallocenes. The ansa-
Cp-arene coordination motif results in stable n-alkyl complexes. Careful examination of the 
dynamic processes that occur in these compounds indicates that exchange occurs through 
thermally accessible olefin-hydride complexes. The possibility of π-backdonation into the 
coordinated arene group prevents ‘oxidative addition’ reactions that are usually observed 
for group 5 metal complexes in low-valent oxidation states. These results indicate that 
intramolecular arene coordination can be used to stabilise tantalum complexes in the +3 
oxidation state. Reactivity studies using these complexes will be presented in Chapter 7.  




6.5. EXPERIMENTAL SECTION 
General Considerations. For experimental details, see the Experimental Section in 
Chapter 2. 
{[η6-Ar-CMe2-η5-C5H4]Ta(µ-Br)}2[B(C6F5)4]2 (21). Allowing a C6D5Br solution of 17 to 
stand at room temperature for 5 days resulted in the precipitation of a small amount of thin 
green platelet-shaped crystals that were shown by X-ray crystallography to be 21 (poor 
quality structure due to small crystal size). Compound 21 was also obtained in variable 
yields when bromobenzene solutions of other Cp-arene tantalum cations were thermally 
decomposed. Its insolubility in bromobenzene in most cases resulted in the formation of 
tiny platelets that were too small to allow an accurate structure determination. However, 
heating a solution of 22 in C6D5Br for 3 days at 100 ºC afforded larger crystals for which a 
satisfactory solution was obtained. The compound is soluble in THF, but in this solvent 
slowly decomposes to unknown (paramagnetic) species in the course of 3 days. 1H NMR 
(500 MHz, THF-d8, 25 ºC) δ 6.28 (s, 2H, Cp), 5.51 (s, 1H, Ar p-H), 5.30 (s, 2H, Cp), 5.19 
(s, 2H, Ar o-H), 2.24 (s, 6H, ArMe), 0.85 (s, 6H, CMe2). 13C NMR* (125.7 MHz, C6D5Br, 
25 ºC) δ 140 (s, Ar m-C), 118 (d, J ≈ 176, Cp CH), 105 (d, J ≈ 177, Ar p-CH), 101 (d, J ≈ 
176, Ar o-CH), 90 (s, Cp ipso-C), 87 (s, Ar ipso-C), 78 (d, J ≈ 183, Cp CH), 35 (s, CMe2), 
23 (q, J ≈ 129, ArMe), 21 (q, J ≈ 127, CMe2).   
 *chemical shifts and multiplicity determined from a HSQC experiment with JCH detected 
along the 13C axis and quaternary carbon atoms located in the HMBC spectrum.  
{[η6-Ar-CMe2-η5-C5H4]TaMe}[B(C6F5)4] (22). A solution of 11 (26.5 mg, 0.061 mmol) in 
2 mL of C6H5Br was cooled to -30 ºC in the glovebox, and then 0.95 equiv of 
[PhNMe2H][B(C6F5)4] (46.4 mg) was added as a solid. The mixture was shaken while 
slowly warming to room temperature. After reaction for 30 min at room temperature, the 
solution was layered with hexane. Interdiffusion of the two layers at room temperature 
overnight afforded 65 mg (0.060 mmol, 98%) of 22 as red crystalline material. 1H NMR 
(500 MHz, C6D5Br, -25 ºC) δ 4.79 (s, 1H, Ar o-H), 4.59 (s, 1H, Ar o-H), 4.50 (s, 1H, Cp), 
4.38 (s, 1H, Cp), 3.74 (s, 1H, Cp), 3.69 (s, 1H, Ar p-H), 3.45 (s, 1H, Cp), 1.58 (s, 3H, 
ArMe), 1.45 (s, 3H, ArMe), 0.88 (s, 3H, CMe2), 0.67 (s, 3H, CMe2), -0.55 (s, 3H, TaMe). 
13C NMR (approx. values taken from a HSQC spectrum; only CH resonances, C6D5Br, -25 
ºC) δ 116.5 (d, J ≈ 184, Cp CH), 104.1 (d, J ≈ 182, Cp CH), 98.1 (d, J ≈ 177, Ar p-CH), 
94.7 (d, J ≈ 175, Ar o-CH), 94.3 (d, J ≈ 176, Ar o-CH), 76.8 (d, J ≈ 184, Cp CH), 76.2 (d, 
178, Cp CH), ~ 22 (q, J ≈ 129, ArMe + CMe2), 20.7 (q, J ≈ 129, ArMe), 19.8 (q, J ≈ 129, 
CMe2), -9.3 (q, J ≈ 124, TaMe). Anal. Calcd for C41H22BF20Ta: C, 45.33; H, 2.04; Ta, 
16.66. Found: C, 45.01; H, 2.10; Ta, 16.55.  
NMR scale synthesis of {[η6-Ar-CMe2-η5-C5H4]TaEt}[B(C6F5)4] (23). An NMR tube 
(equipped with Teflon stopcock) containing a solution of 7.2 mg of 12 in 0.4 mL C6D5Br 
was cooled to -30 °C and 1.1 equiv of solid [PhNMe2H][B(C6F5)4] was added. The tube 
was shaken for 5 minutes while maintaining the temperature around -25 °C, and 





temperature are consistent with full conversion to {[η6-Ar-CMe2-η5-C5H4]TaEt}[B(C6F5)4] 
(23) and formation of ethylene (which can be pumped off). Layering the C6D5Br solution 
with cyclohexane resulted in the precipitation of a few long red/brown crystals overnight, 
which were analysed by X-ray crystallography to be 23. 1H NMR (500 MHz, C6D5Br, -25 
ºC) δ 4.55 (s, 1H, Ar o-CH), 4.47 (s, 1H, Cp), 4.39 (s, 1H, Cp), 4.23 (s, 1H, Ar o-CH) + (s, 
1H, Cp), 3.91 (s, 1H, Cp), 2.01 (s, 1H, Ar p-CH), 1.76 (s, 3H, ArMe), 1.73 (s, 3H, ArMe), 
0.62 (m, 1H, TaCHH’Me), 0.58 (s, 3H, CMe2), 0.43 (s, 3H, CMe2), -0.74 (br ps t, J = 7.6, 
1H, TaCHH’Me), -3.14 (br, 3H, TaCHH’Me). 13C NMR (125.7 MHz, C6D5Br, -25 ºC) δ 
128.3 (s, Ar m-C), 127.5 (s, Ar m-C), 104.7 (d, J = 182, Cp CH), 100.1 (d, J = 177, Cp 
CH), 96.2 (d, J = 177, Ar o-CH), 94.2 (d, J = 176, Ar o-CH), 93.5 (d, J = 170, Ar p-CH), 
73.5 (d, J = 185, Cp CH), 71.6 (s, Cp ipso-C), 70.7 (d, J = 185, Cp CH), 60.7 (s, Ar ipso-
C), 36.5 (s, CMe2), 20.9, 20.6 (overlapped, ArMe), 20.2, 20.0 (overlapped, CMe2), 2.0 (t, J 
= 147, TaCH2Me), -18.8 (q, J = 120, TaCH2Me). 
{[η6-Ar-CMe2-η5-C5H4]TaPr}[B(C6F5)4] (24). Solid [PhNMe2H][B(C6F5)4] (139 mg, 
0.173 mmol) was added to a cold (-30 ºC) solution of 13 (83 mg, 0.174 mmol) in 3 mL of 
bromobenzene. The mixture was shaken and allowed to warm to room temperature, 
resulting in a clear brownish solution. Hexane was layered on top of the solution and after 
standing at -30 ºC overnight, dark brown needles formed. Decanting the supernatant and 
washing with pentane gave 196 mg of 24 (0.154 mmol, 88%). Crystals suitable for X-ray 
analysis were obtained by diffusion of cyclohexane into a bromobenzene solution of 24 at 
room temperature. 1H NMR (500 MHz, C6D5Br, -25 ºC) δ 4.55 (s, 1H, Ar o-H), 4.49 (s, 1H, 
Cp), 4.43 (s, 1H, Cp), 4.32, (s, 1H, Cp), 4.23 (s, 1H, Ar o-H), 4.17 (s, 1H, Cp), 2.22 (s, 1H, 
Ar p-H), 1.85 (s, 3H, ArMe), 1.73 (s, 3H, ArMe), 0.84 (ps t, J = 5.5, 3H, TaCH2CH2Me), 
0.61 (br m, 1H, TaCHH’CH2Me), 0.58 (s, 3H, CMe2), 0.40 (s, 3H, CMe2), -0.54 (br m, 1H, 
TaCHH’CH2Me), -1.9 (br, 1H, TaCH2CHH’Me), -5.9 (br, 1H, TaCH2CHH’Me). 13C NMR* 
(125.7 MHz, C6D5Br, -30 ºC) δ 128.8 (s, Ar m-C), 127.7 (s, Ar m-C), 102.9 (d, J ≈ 180, Cp 
CH), 101.2 (d, J ≈ 180, Cp CH), 97.6 (d, J ≈ 175, Ar o-CH), 93.8 (d, J ≈ 170, Ar p-CH), 
93.1 (d, J ≈ 175, Ar o-CH), 72.6 (d, J ≈ 185, Cp CH), 72.2 (s, Cp ipso-C), 71.7 (d, J ≈ 185, 
Cp CH), 60.4 (s, Ar ipso-C), 36.1 (s, CMe2),  21.1, 20.7 (q, J ≈ 128, ArMe), 20.3, 19.9 (q, J 
≈ 128, CMe2), 16.3 (q, J ≈ 128, TaCH2CH2Me), 11.4 (t, J ≈ 144, TaCH2CH2Me), -3.4 
(TaCH2CH2Me). 1H NMR (500 MHz, C6D5Br, 80 ºC) δ 4.58, 4.53, 4.45 (all s, 2H, 2 Cp + 
Ar o-H), 2.56 (s, 1H, Ar p-H), 1.88 (s, 6H, ArMe), 0.91 (br, 3H, TaCH2CH2Me), 0.61 (s, 
6H, CMe2), 0.20 (br, 2H, TaCH2CH2Me), -3.65 (br, 2H, TaCH2CH2Me). Anal. Calcd for 
C49H31BBrF20Ta: C, 46.29; H, 2.46; Ta, 14.23. Found: C, 46.20; H, 2.42; Ta, 14.18. 
 *due to low solubility at -25 ºC, 13C chemical shifts and CH-coupling constants are 
determined from a modified HSQC experiment with JCH detection along the 13C axis. Line 
broadening in the 1H NMR spectrum due to the agostic interaction prevented detection of 
the corresponding 13C frequency in the HSQC spectrum, but this resonance was found in 
the 1D 13C{1H} NMR spectrum. 
Identification of {[η1-Me2C6H2-CMe2-η5-C5H4]TaMe(Et)}[B(C6F5)4] (11-H+) as an 
intermediate to 22. To an NMR tube containing a cold (-30 ºC) solution of 11 (6.2 mg, 
0.014 mmol) in 0.4 mL of C6D5Br was added solid [PhNMe2H][B(C6F5)4] (12.0 mg, 0.015 




mmol). The mixture was shaken, taken out of the glovebox and quickly inserted into the 
pre-cooled probe of the NMR spectrometer. NMR analysis indicated the formation of a 
mixture of 22 and 11-H+ in ca. 2:3 ratio. The identity of 11-H+ was established by NMR 
spectroscopic methods. After warming the solution to room temperature for 10 minutes, 11-
H+ was fully converted to 22. 1H (500 MHz, C6D5Br, -25 ºC) δ 6.66 (s, 1H, Ar), 6.51 (s, 
1H, Ar), 6.00 (s, 1H, Cp), 5.85 (s, 1H, Cp), 5.68 (s, 1H, Cp), 5.53 (s, 1H, Cp), 2.59 (s, 3H, 
ArMe), 2.03 (s, 3H, ArMe), 1.51 (t, J = 6.4, 3H, TaCH2CH3), 1.27 (s, 3H, CMe2), 1.24 (m, 
1H, TaCHH’CH3), 1.22 (s, 3H, CMe2), 1.13 (m, 1H, TaCHH’CH3), 0.79 (s, 3H, TaMe). 13C 
NMR (approx. values taken from a HSQC spectrum; only CH resonances, C6D5Br, -25 ºC) 
δ 130.0 (Ar), 124.9 (Ar), 117.0 (Cp), 115.7 (Cp), 110.9 (TaCH2CH3), 109.5 (Cp), 108.5 
(Cp), 73.3 (TaMe), ~28 (CMe2), 23.0 (ArMe), 22.7 (ArMe), 17.8 (TaCH2CH3). 
NMR scale synthesis {[η6-Ar-CMe2-η5-C5H4]TaH}[B(C6F5)4] (25). An NMR tube 
containing a C6D5Br solution of 24 was degassed on a high-vacuum line and back-filled 
with 1 bar of H2 at room temperature. The tube was shaken and analysed by NMR 
spectroscopy to be 25. Attempts to isolate 25 by precipitation with hexane gave red oils that 
decomposed to dark brown unidentified species upon removal of the solvent. 1H NMR (500 
MHz, C6D5Br, -25 ºC) δ 5.42 (s, 1H, Cp), 5.05 (s, 1H, Ar o-H), 4.62 (s, 1H, Cp), 4.46 (s, 
1H, Cp), 3.77 (s, 1H, Cp), 3.76 (s, 1H, Ar p-H), 3.55 (s, 1H, Ar o-H), 2.03 (s, 3H, ArMe), 
1.76 (s, 3H, ArMe), 0.69 (s, 3H, CMe2), 0.31 (s, 3H, CMe2), -4.65 (s, 1H, TaH). 13C NMR 
(125.7 MHz, C6D5Br, -25 ºC) δ 132.8 (s, Ar m-C), 129.4 (s, Ar m-C), 108.0 (d, J = 178, Cp 
CH), 102.3 (d, J = 173, Ar o-CH), 94.8 (d, J = 183, Cp CH), 90.5 (d, J = 174, Ar p-CH), 
88.6 (d, J = 176, Ar o-CH), 73.9 (d, J = 182, Cp CH), 73.9 (s, Cp ipso-C), 71.0 (d, J = 184, 
Cp CH), 61.8 (s, Ar ipso-C), 35.4 (s, CMe2), 22.6 (q, J = 130, ArMe), 21.1 (q, J = 130, 
ArMe), 20.4 (q, J = 128, CMe2), 20.3 (q, J = 128, CMe2). 
Synthesis of {[η6-Ar-CMe2-η5-C5H4]TaH(THF)}[B(C6F5)4] (25-THF). To a C6D5Br 
solution of 25 (prepared in situ as described above), a drop of THF-d8 was added. NMR 
spectroscopy was consistent with formation of 25-THF. On preparative scale, 24 (52.2 mg, 
41.3 µmol) was dissolved in 1 mL of bromobenzene. The solution was degassed by three 
freeze-pump-thaw cycles and 1 bar of H2 was admitted at room temperature. After stirring 
for 10 min, excess H2 was removed and a few drops of THF were added. This solution was 
allowed to react at -30 ºC for 30 min, then hexane (ca. 3 mL) was added to precipitate the 
product. The solution was decanted and the solid washed with toluene and then pentane. 
Drying in vacuo afforded 25-THF as a pink powder (32.7 mg, 69%). Recrystallisation from 
bromobenzene/hexane gave analytically pure material. 1H NMR (500 MHz, C6D5Br, 25 ºC) 
δ 5.97 (s, 1H, Cp), 4.95 (s, 1H, Ar o-H), 4.85 (s, 1H, Cp), 4.46 (s, 1H, Cp), 3.92 (s, 1H, Ar 
p-H), 3.37 (s, 1H, Cp), 3.08 (s, 1H, Ar o-H), 3.03 (br, 4H, THF), 2.10 (s, 3H, ArMe), 1.53 
(s, 3H, ArMe), 1.27 (br m, 4H, THF), 0.78 (s, 3H, CMe2), 0.28 (s, 3H, CMe2), -3.98 (s, 1H, 
TaH). 13C NMR (125.7 MHz, C6D5Br, 25 ºC) δ 133.4 (s, Ar m-C), 131.1 (s, Ar m-C), 106.1 
(d, J = 175, Cp CH), 100.2 (d, J = 175, Ar o-CH), 98.7 (d, J = 185, Cp CH), 91.6 (d, J = 
176, Ar o-CH), 89.4 (d, J = 174, Ar p-CH), 85.9 (br t, J = 155, THF),  77.7 (s, Cp ipso-C), 
73.7 (d, J = 181, Cp CH), 71.5 (d, J = 183, Cp CH), 61.5 (s, Ar ipso-C), 34.6 (s, CMe2), 





CMe2), 20.80 (q, J = 128, ArMe). IR (nujol mull): 1760 (TaH). Anal. Calcd for 
C44H28F20OTa: C, 46.18; H, 2.47; Ta, 15.81. Found: C, 45.88; H, 2.58; Ta, 15.75. 
NMR data for the B(C6F5)4 anion in 21-25 and 25-THF. 13C NMR (125.7 MHz, 
C6D5Br): δ 148.7 (d, JCF = 242, o-CF), 138.6 (d, JCF = 238, p-CF), 136.6 (d, JCF = 241, m-
CF), 124.7 (br, ipso-C). 19F NMR (470.3 MHz, C6D5Br): δ -131.9 (br d, o-F), -161.7 (t, J = 
21, p-F), -165.8 (br d, m-F). 
X-ray crystal structures. Suitable crystals of 21-24 and 25-THF were mounted on top of a 
glass fibre in a drybox and transferred, using inert-atmosphere handling techniques, into the 
cold nitrogen stream of a Bruker SMART APEX CCD diffractometer. The final unit cell 
was obtained from the xyz centroids of 7949 (21), 6779 (22), 5481 (23), 5268 (24) and 
9066 (25-THF) reflections after integration. Intensity data were corrected for Lorentz and 
polarisation effects, scale variation, for decay and absorption: a multiscan absorption 
correction was applied, based on the intensities of symmetry-related reflections measured at 
different angular settings (SADABS).49 The structures were solved by Patterson methods 
and extension of the model was accomplished by direct methods applied to difference 
structure factors using the program DIRDIF.50 For 21, 22, 24 and 25-THF the hydrogen 
atoms were generated by geometrical considerations and constrained to idealised 
geometries and allowed to ride on their carrier atoms with an isotropic displacement 
parameter related to the equivalent displacement parameter of their carrier atoms (except 
for the hydrogen atoms on C(117) and C(118) in 24, which were located by a difference 
Fourier synthesis and were refined freely). For 23, the hydrogen atoms were located in the 
difference Fourier map (except those on the Ta-ethyl group) and the hydrogen atom 
coordinates and isotropic displacement parameters were refined freely. For 22, refinement 
was frustrated by a disorder problem: from the solution it was clear that C(117) was highly 
disordered over (at least) two positions. A disorder model with two partial occupations was 
used in the refinement, resulting in a s.o.f. for the major fraction of 0.575(19). To obtain 
chemically reasonable parameters for C(117), ultimately restrain instructions (ISOR) were 
applied in the refinement. For 23, refinement was also frustrated by a disorder problem: 
from the solution it was clear that the C(117) and C(118) positions were disordered. No 
satisfactory discrete model could be fitted in this density, especially for the hydrogen atoms 
belonging to the disordered carbons, and ultimately restrain instructions (DFIX, DANG) 
were applied in the refinement. For 25-THF, a chemically reasonable position for the Ta-H 
(in good agreement with the DFT calculated parameters) was found in the difference 
Fourier map, but this position was not stable in the refinement and restrain instructions 
(DFIX, DANG) were ultimately applied. All refinement and geometry calculations were 
performed with the program packages SHELXL51 and PLATON.52 Crystal data and details 
on data collection and refinement are presented in Table 6.5 and 6.6. 
 




Table 6.5. Crystallographic data for 21 and 25-THF. 
 21 25-THF 




Mr 1151.22 1144.43 
cryst syst monoclinic monoclinic 
color, habit green, platelet pink, platelet 
size (mm) 0.27 x 0.15 x 0.11 0.47 x 0.22 x 0.045 
space group P21/n P21/c 
a (Å) 13.417(2) 18.087(6) 
b (Å) 15.730(2) 11.022(4) 
c (Å) 17.539(2) 21.191(7) 
β (º) 109.359(2) 110.293(5) 
V (Å3) 3492.3(8) 3962(2) 
Z 4 4 
ρcalc, g.cm-3 2.189 1.918 
µ(Mo Kα), cm-1 44.23 27.07 
F(000) 2208 2232 
temp (K) 100(1) 100(1) 
θ range (º) 2.46–28.44 2.71–28.23 
data collected (h,k,l) -16:16, -19:19, -21:21 -22:22, -12:13, -26:25 
min and max transm 0.3764, 0.6140 0.3551, 0.8647 
no. of rflns collected 27239 27334 
no. of indpndt reflns 7135 7730 
observed reflns Fo ≥ 4.0 σ (Fo) 5494 4445 
R(F) (%) 4.45 4.11 
wR(F2) (%) 11.92 10.82 
GooF 0.974 0.936 
weighting a,b 0.0, 0.0 0.0402, 0.0 
params refined / restraints 572 / 0 612 / 2  






Table 6.6. Crystallographic data for 22-24. 
 22 23 24 




Mr 1086.35 1262.42 1271.42 
cryst syst monoclinic monoclinic monoclinic 
color, habit red, platelet brown, needle brown, needle 
size (mm) 0.23 x 0.21 x 0.07 0.90 x 0.13 x 0.09 0.49 x 0.12 x 0.08 
space group P21/n P21/c P21/c 
a (Å) 12.002(1) 15.884(3) 16.601(5) 
b (Å) 19.937(2) 18.026(3) 18.029(5) 
c (Å) 15.888(2) 17.021(3) 17.237(5) 
β (º) 91.259(2) 115.954(3) 117.258(5) 
V (Å3) 3800.8(7) 4382.0(14) 4437(2) 
Z 4 4 4 
ρcalc, g.cm-3 1.898 1.904 1.903 
µ(Mo Kα), cm-1 30.23 35.42 35.00 
F(000) 2104 2436 2472 
temp (K) 160(1) 100(1) 100(1) 
θ range (º) 2.41–25.44 2.62–28.28 2.26–28.23 
data collected (h,k,l) -13:13, -22:22, -18:18 -21:21, -22:23, -22:22 -16:20, -22:17, -21:20 
min and max transm 0.5990, 0.8163 0.3044, 0.7410 0.4544, 0.7671 
no. of rflns collected 24920 39085 24083 
no. of indpndt reflns 6039 10750 9040 
observed reflns Fo ≥ 
4.0 σ (Fo) 
3768 8097 6168 
R(F) (%) 6.44 4.22 4.89 
wR(F2) (%) 18.80 10.32 11.39 
GooF 1.007 1.029 0.996 
weighting a,b 0.1012, 0.0 0.0454, 7.3636 0.0402, 0.0 
params refined / 
restraints 
584 / 18 756 / 7 670 / 0 
min, max resid dens -2.3, 2.1(2) -1.5, 2.5(1) -1.7, 1.8(2) 




Computational Studies. The geometry optimisations were performed as described in 
Chapter 3. A frequency analysis of the stationary points was performed, which allowed the 
structures to be characterised as local minima (nimag = 0) or transition states (nimag = 1). 
Thermochemical analysis for the various structures was performed at 298.15 K and 1 atm. 
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Chapter 7 Reactivity of ansa-Cp-arene 
tantalum cations* 
The ansa-Cp-arene tantalum complexes described in the previous chapter can be regarded 
as having intermediate [Ta(III)↔Ta(V)] character due to (partial) reduction of the pendant 
arene moiety. Dissociation of the pendant arene group could thus provide a (transient) 12 
v.e. tantalum(III) alkyl or hydride species. The study of coordinatively unsaturated tantalum 
complexes in low oxidation states is not straightforward due to the high reactivity of such 
compounds. Surface organometallic chemistry has the advantage that the reactive metal 
centres are isolated on the support, preventing possible bimolecular decomposition 
pathways.1 Using this strategy, Basset and co-workers have synthesised silica-supported 
Ta(III) hydride species that were shown to perform CH activation of methane and 
cycloalkanes.2-4 In addition, the surface tantalum hydride catalyses the conversion of linear 
or branched alkanes (e.g., C2H6) into the next higher and lower homologues (CH4 and C3H8, 
respectively), presenting the first example of ‘alkane metathesis’.5 Initially, these 
transformations were proposed to occur by σ-bond metathesis pathways,5-7 although the 
possibility of oxidative addition / reductive elimination pathways was not explicitly ruled 
out. More recent evidence points to the initial formation of olefins and dihydrogen, and that 
the crucial steps in the reaction are analogous to those in olefin metathesis.7-9 Oxidative 
addition of the N-H bond in ammonia to the surface Ta(III) hydride results in the formation 
of an imido amido Ta(V) species.10 Formation of the same product has been observed 
starting from a mixture of N2 and H2, suggesting that the cleavage of N2 occurs at a single 
Ta centre (Chart 7.1).11 These examples show the potential of reactive Ta(III) compounds 



























In this chapter we discuss the reactivity of ansa-Cp-arene tantalum alkyl and hydride 
cations. Olefin insertion into the Ta-H bond and CO insertion into the Ta-C bond are 
observed, the latter in the presence of excess CO occurring with release of the pendant 
arene. Also, oxidative addition of PhSSPh takes place with release of the C6 ring, 
corroborating the Ta(III) character in these compounds. In addition, the conversion to both 
dicationic and neutral species with ansa-Cp-arene coordination is described. 
                                                          





7.1. REACTIVITY OF THE TA-H BOND 
7.1.1. Olefin insertion 
The reactivity of the base-free monohydride species 25 towards olefins was examined. 
Treatment of a C6D5Br solution of 25 with propylene (1 bar) results in insertion of the 
olefin to generate the n-propyl compound 24, reaching completion in ca. 1 hour (Scheme 
7.1). Similarly, monitoring the reaction between 25 and 1-hexene by 1H NMR shows 
disappearance of the hydride with concomitant formation of a new species. Due to the 
similarity of its NMR characteristics to those of 24, this is likely to be the n-hexyl 
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Scheme 7.1. Olefin insertion reactions into the Ta-H bond of 25, and its application to 
olefin (1-hexene) hydrogenation. 
 
The above observations suggest that catalytic hydrogenation of olefins is possible using 
25 as a catalyst. Indeed, when a mixture of 24 and 20 equivalents of 1-hexene is pressurised 
with 4 bar of H2, the gradual formation of n-hexane is observed (~70% conversion in 16 
hours, full conversion after ca. 2 days). The limited stability of 25 in bromobenzene 
solution, evidenced by the precipitation of {[η6-Ar-CMe2-η5-C5H4]Ta(µ-Br)}2[B(C6F5)4]2 
(21, see Chapter 6), and the fact that the insertion reactions proceed sluggishly make this 
not a very practical system for olefin hydrogenation. Nevertheless, also di- and 
trisubstituted olefins (cyclopentene and 2-methyl-2-pentene) were shown to react on NMR 
scale with 25 by insertion into the metal-hydride bond. The cyclopentyl derivative 27 could 
be crystallised by slow diffusion of cyclohexane into a C6D5Br solution. Unfortunately, the 
diffraction data are of poor quality and only serve to establish the connectivity (Figure 7.1). 




Nevertheless, a few features are worthy of mention. The presence of a cyclopentyl group 
(instead of cyclopentene-hydride) is evidenced by a normal Ta-C(alkyl) distance of 
2.204(15) Å for Ta(1)-C(118), with the other Ta-C bonds being significantly longer (e.g., 
Ta(1)-C(117) = 2.471(14) Å). The Ta(1)-C(118)-C(117) angle is quite acute at 81.2(8)º 
whereas that for Ta(1)-C(118)-C(119) is much larger (133.8(11)º), indicating a β-agostic 
interaction of the cyclopentyl group that is similar to that found in the n-propyl compound 
24 (see Chapter 6). In addition, diastereotopic 1H NMR resonances for the β-CH2 group in 
27 at δ -0.69 and -7.04 ppm in C6D5Br solution at -30 ºC are supportive of a β-agostic 
cyclopentyl group. Insertion of 2-methyl-2-pentene into the Ta-H bond of 25 also readily 
takes place. NMR spectroscopic data of the product are consistent with the formation of the 
β-agostic 4-methyl-pentyl compound {[η6-Ar-CMe2-η5-C5H4]Ta(CH2CH2CH2CHMe2)} 
[B(C6F5)4] (28). Specifically, three different diastereotopic CH2 groups are observed for the 
Ta-alkyl moiety in 28, one of which has broadened 1H NMR resonances at δ -1.3 and -6.6 
ppm that indicate a β-agostic interaction. Complex 28 most likely results from 
isomerisation of the initial insertion product by a series of β-hydrogen elimination / 
reinsertion (‘chain walking’)12,13 events. Indeed, the observed 4-methyl-pentyl group is 
expected to be favoured for steric reasons. For the ethyl analogue 23, the activation barrier 
to β-hydrogen elimination and rotation of the coordinated olefin was determined to be 78(3) 
kJ·mol-1 at room temperature (see Chapter 6), corresponding to a rate constant of 0.16 s-1. 
These values indicate that isomerisation to a less congested alkyl group may indeed be fast.  
Thus, for a series of aliphatic olefins the data obtained point to full conversion of the Ta-
H species and formation of the corresponding β-agostic alkyl complexes. In contrast, no 
olefin (ethylene) insertion was observed in the Ta-Me bond of 22.  
 
 
Figure 7.1. Molecular structure of 27 showing 50% probability ellipsoids. The B(C6F5)4 






The formation of tantalum alkyl complexes contrasts the observations made by Bercaw 
and co-workers for the related metallocene complexes of niobium and tantalum, which 
were found to have olefin-hydride ground states.14,15 Competitive binding studies for 
niobocene complexes allowed the determination of relative ground state energies. This 
revealed a significantly larger ground state stabilisation for styrene hydride complexes 
relative to derivatives with aliphatic olefins.15 The electronic difference between aliphatic 
and aromatic olefins that is responsible for the observed stabilisation prompted us to 
investigate whether formation of an olefin-hydride species with our system was possible 
using styrene. Nevertheless, treatment of 25 with styrene resulted in clean 2,1-insertion of 
styrene into the Ta-H bond. Precipitation with pentane afforded brownish {[η6-Ar-CMe2-η5-
C5H4]TaCH(Me)Ph}[B(C6F5)4] (29) as analytically pure material in 67% yield (Scheme 
7.2). The electronic preference for the observed 2,1-insertion of styrene has been reported 
for many early and late transition metal compounds,16-18 although sometimes 1,2-insertion 
is competitive and mixtures of terminal and internal insertion products are observed.19 In 
this case, the product arising from 2,1-insertion is the only observable species, as is clear 
from the characteristic mutually coupled 1H NMR signals at δ 1.51 (doublet, 3H) and -0.22 
ppm (quartet, 1H) for the CH3 and CH groups of the Ta-CH(CH3)Ph moiety, respectively. 
One of the o-H resonances of the benzyl group is shifted upfield to δ 2.39 ppm, whereas the 
other is located at δ 6.62 ppm, which suggests the benzyl ligand to be η3-bound.17 For the d2 
tantalum centre in Cp*2Ta(η3-C3H5), π-backdonation into the allyl ligand leads to 
metallabicyclobutane character (σ3-allyl), evidenced by high field resonances and low CH 
coupling constants (147-149 Hz) for the C3H5 moiety.20 A similar bonding description may 
apply for 29, with the ‘allylic’ orho-carbon at δ 73.7 ppm in the 13C NMR spectrum (JCH = 
145 Hz). In the absence of π-backdonation, η3-benzyl groups generally show resonances for 
















π-benzyl σ3-benzyl  
Scheme 7.2. Reaction of 25 with styrene to give the 2,1-insertion product 29. 
 
Dynamic exchange was observed in the 2D EXSY spectrum, with positive intensity 
crosspeaks correlating the two benzyl o-H signals. Analysis of EXSY spectra at five 
temperatures in the range of 20-65 ºC gave the activation parameters of the process as ∆H‡ 
= 71(3) kJ·mol-1 and ∆S‡ = -28(5) J·mol-1·K-1. Curiously, no exchange correlations are 
observed for the Cp-arene ligand, indicating that inversion at the metal centre, a low-energy 




process in the alkyl cations 23/24, does not occur at an appreciable rate. Exchange 
processes in early transition d0 metal allyl compounds have been investigated, and  η3 → η1 
interconversions were shown to occur with significantly lower enthalpies and more 
negative entropies of activation (e.g., ∆H‡ = 41(5) kJ·mol-1 and ∆S‡ = -63(17) J·mol-1·K-1 
for Cp*2Sc(η3-C3H5) in Et2O-d10).22,23 The negative entropy of activation found for 29 (and 
related allyl species)22,23 are most consistent with solvent-assisted loss of the η3-
coordination in the transition state, followed by rotation around the C-C bond as depicted in 
Scheme 7.3. The high activation enthalpy vis-à-vis inversion at the metal centre in the alkyl 
species 23/24 (see Chapter 6) reflects the ground-state stabilisation that is provided by the 
















Scheme 7.3. Representation of the process leading to exchange of the o-Ph environments of 
the benzyl ligand in 29.  
 
In all cases described above, the inserted alkyl species is favoured over the 
corresponding olefin hydride, which may be attributed to the π-acceptor properties of the 
coordinated arene moiety (see Chapter 6). Simple adducts of unsaturated fragments may be 
accessible with molecules that are stronger π-acids. Treatment of 25 with PhN=NPh, 
PhC≡CPh or TCNE (tetracyanoethylene) results in disappearance of the 1H NMR signals of 
25, but intractable mixtures are obtained. 
 
7.1.2. Hydride abstraction 
The trityl cation, Ph3C+, is known to be an excellent alkyl or hydride abstracting agent, 
and trityl salts with non-coordinating anions (e.g., [Ph3C][B(C6F5)4]) are used as co-
catalysts in olefin polymerisation catalysis to generate the cationic active species.24 
Although some examples exist in the literature,25 hydride abstraction from metal centres 
that already carry a positive charge remains relatively unexplored. Upon treatment of a 
C6D5Br solution of 25 with [Ph3C][B(C6F5)4] the colour of the solution gradually fades 
from reddish to yellow. Analysis of the mixture by 1H NMR after ca. 1 hour of reaction 
time shows formation of Ph3CH (singlet resonance at δ 5.40 ppm) and a new tantalum 
species. The number of resonances indicate a Cs symmetric compound, with resonances due 
to the coordinated arene ring at δ 5.26 (p-H) and 4.86 ppm (o-H). Also, the THF-adduct 25-





d8 to a C6D5Br solution of the reaction mixture dissolves all material, and although 
resonances for the product are somewhat shifted compared to those in THF-free solution, 
NMR spectroscopy is indicative of a Cs symmetric compound. Importantly, no resonances 
other than those for the Cp-arene ligand are observed in the 1H NMR spectrum between δ 
25 and -25 ppm, and the 19F NMR spectrum only contains signals due to free B(C6F5)4 
anion. These data are consistent with a formulation of the product as the dicationic 
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Scheme 7.4. Formation of the dication 30 and its THF-adduct by hydride abstraction using 
trityl cation. 
 
Slow diffusion of cyclohexane into a solution of 30-THF in C6D5Br/THF-d8 invariably 
afforded a blue/green oily precipitate. Decanting the supernatant and trituration of the 
residue with pentane eventually resulted in solid 30-THF in quantitative yield. Crystals 
suitable for X-ray analysis were obtained by diffusion of pentane into a THF solution. The 
molecular structure is shown in Figure 7.2, with pertinent interatomic distances and bond 
angles in Table 7.1. The asymmetric unit contains two B(C6F5)4 anions and a THF solvate 
molecule, in addition to the dicationic tantalum centre that is coordinated by a Cp-arene 
ligand and two THF molecules. The crystal structure determination confirms the ansa-Cp-
arene binding mode of the ligand in 30-THF. Closer inspection of the C-C bond distances 
within the coordinated C6 ring shows that, in agreement with NMR spectroscopic features, 
the aromatic ring is partially reduced, similar as found in the monocationic compound 24. 
Despite the dicationic nature of the tantalum centre in 30-THF, the d-electrons are 
apparently still available for π-backbonding to the C6 moiety. A comparison of the metrical 
data for the coordinated C6 ring in 30-THF and related ansa-Cp-arene tantalum complexes 
is presented in Table 7.4.  
 





Figure 7.2. Molecular structure of 30-THF showing 50% probability ellipsoids. The 
B(C6F5)4 anions, THF solvate molecule and hydrogen atoms are omitted for clarity. 
 
Table 7.1. Selected bond distances (Å) and angles (º) for 30-THF. 
Ta(1)–O(11) 2.210(3) O(11)–Ta(1)–O(12)  81.70(11) 
Ta(1)–O(12) 2.229(3)   
Ta(1)–Cg(Cp) 2.033(2) Ta(1)–Cg(Ar) 1.9628(17) 
Ta(1)–C(11) 2.320(6) Ta(1)–C(19) 2.283(5) 
Ta(1)–C(12) 2.435(5) Ta(1)–C(110) 2.428(5) 
Ta(1)–C(13) 2.442(5) Ta(1)–C(111) 2.500(4) 
Ta(1)–C(14) 2.307(5) Ta(1)–C(112) 2.372(4) 
Ta(1)–C(15) 2.317(4) Ta(1)–C(113) 2.527(4) 
C(15)–C(16)–C(19) 92.0(3) Ta(1)–C(114) 2.407(5) 
Cg(Cp)–Ta(1)–Cg(Ar) 126.81(8) αa 61.3(3) 
φCpb 12.1(3) φArb 18.6(3) 
τCpc 4.8(2) τArc 3.31(14) 
a α is the interplanar angle between the least-squares planes of the cyclopentadienyl and arene rings. b 
φCp / φCp is the angle between the Cipso-C(16) vector and the least-squares planes of the 
cyclopentadienyl / arene rings, respectively. c τCp / τAr is the angle between the Ta(1)-Cg(Cp) / Ta(1)-
Cg(Ar) vector, respectively, and the ring normal. See also Chapter 2, Figure 2.2. 
 
Some examples of early transition metal dications are reported in the literature, which 
are usually stabilised by coordination of external donor molecules26-28 or the anion.29 
Donor-substituted cyclopentadienyl ligands have been shown to stabilise the dicationic 





group.30 Green and Saßmannshausen have reported a dicationic zirconocene complex in 
which the cyclopentadienyl ligands have a pendant arene moiety which is believed to 
coordinate to the metal centre.31,32 In contrast to 30-THF, however, the metal-arene 
interaction in this zirconocene(IV) system is mainly electrostatic in nature, as there are no 
d-electrons available for metal→arene backdonation.  
The dicationic tantalum complex 30-THF is isostructural and isoelectronic with the 
monocationic titanium species {[η6-Ar-CMe2-η5-C5H4]Ti(CO)2}[B(C6F5)4] (5b, see Chapter 
4). As such, it is related to the titanium(II) intermediates in the catalytic cycle for ethylene 
trimerisation by cyclopentadienyl-arene titanium complexes (Chapter 1, Scheme 1.2). It 
was therefore of interest to investigate the reactivity of 30-THF towards ethylene. 
Treatment of a C6D5Br/THF-d8 solution of 30-THF with 1 bar of ethylene, however, does 
not lead to observable changes in the 1H NMR spectrum after 5 hours at room temperature. 
Heating the mixture to 80 ºC for several hours results in gradual disappearance of 
resonances due to 30-THF, but no conversion of ethylene is observed. Also, 30-THF is 
unreactive towards CO, and it thus appears that the bound THF molecules are not easily 
displaced from the metal centre.  
 
7.2. REACTIVITY OF TA-ALKYL SPECIES 
7.2.1. Adduct formation 
Treatment of C6D5Br solutions of the agostic propyl cation {[η6-Ar-CMe2-η5-
C5H4]TaPr}[B(C6F5)4] (24) with the Lewis bases THF-d8, XyNC (Xy = 2,6-Me2C6H3) or 
CO results in immediate loss of the agostic interaction and formation of the corresponding 
adducts {[η6-Ar-CMe2-η5-C5H4]TaPr(L)}[B(C6F5)4] (24-L; L = THF-d8, XyNC, CO) in 
quantitative yield as determined by NMR spectroscopy (Scheme 7.2). In contrast to 24, the 
1H NMR resonances of 24-L are sharp at room temperature, and indicative of complexes 
with C1 symmetry. The tantalum n-propyl group shows two sets of diastereotopic CH2 
resonances (e.g., α-CH2 δ 0.02/-0.41; β-CH2 1.00/0.62 ppm for L = CO). Signals for the 
coordinated arene moiety in 24-L are located between δ 4.7 and 3.6 ppm. The similarity of 
these chemical shift values with those of the base-free cations 22-24 described in Chapter 6, 
suggests that the adducts 24-L are also characterised by a significant contribution of a 
Ta(V) resonance structure with doubly reduced arene (cyclohexa-2,5-diene-1,4-diyl) 
(Scheme 7.5, B). The Lewis base adducts 24-L are 18 v.e. compounds and consequently 
exchange of the bound Lewis base has to proceed by a dissociative mechanism. To probe 
whether this occurs at an appreciable rate, we prepared a C6D5Br solution of 24-CO and 
added a large excess of THF-d8. Similarly, a solution of 24-XyNC was pressurised with 1 
bar of CO, and the reaction was monitored by 1H NMR spectroscopy. In both cases, no 
changes were observed in the course of 24 hours at room temperature. Also, the hydrido 
THF-adduct {[η6-Ar-CMe2-η5-C5H4]TaH(THF)}[B(C6F5)4] (25-THF, see Chapter 6) does 
not exchange the bound THF molecule for CO in the course of several days under 1 bar of 
CO (some decomposition to unknown product(s) occurs upon prolonged standing at room 
temperature).  
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Scheme 7.5. Formation of the Lewis base adducts 24-L (L = THF-d8, XyNC, CO). 
 
On a preparative scale, the carbonyl adduct 24-CO was obtained by reaction of 24 with 1 
bar CO in bromobenzene. The compound could be isolated in quantitative yield after 
precipitation with hexane. Slow diffusion of cyclohexane into a bromobenzene solution of 
24-CO afforded red crystalline material, X-ray analysis of which confirmed its proposed 
formulation (Figure 7.3, pertinent interatomic distances and bond angles in Table 7.2). For 
24-CO, the Ta-C(carbonyl) bond is relatively long (2.148(3) Å) and the CO bond is short 
(1.096(4) Å) in comparison to d2 metallocenes (for example, 2.025(5) and 1.148(7) Å in 
Cp2TaR(CO) (R = CH2SiH(tBu)2), respectively).33 Carbonyl adducts of d0 early transition 
metal centres are in general weak and often stabilised by electron donation of a M-L σ-
bond into the CO π* orbital.34-36 Indicative of such σØπ* backdonation interactions are 
unusually acute L-Ta-C(carbonyl) angles and concomitant short L…C(carbonyl) contacts 
(e.g., for Cp*(ArN=)Ta(CO)(Si(SiMe3)3)H: Si-Ta-C(carbonyl) angle = 67.6(2)°; 
Si…C(carbonyl) distance = 2.79 Å).36 The C(alkyl)-Ta-C(carbonyl) angle of 84.9(2)º and 
the long C(alkyl)…C(carbonyl) interatomic distance (2.985(8) Å) in 24-CO are clearly 
inconsistent with the occurrence of σØπ* interactions.  
 
 
Figure 7.3. Molecular structure of 24-CO showing 50% probability ellipsoids. The 





Table 7.2. Selected bond distances (Å) and angles (º) for 24-CO. 
Ta(1)–C(117) 2.148(3) Ta(1)–C(118a) 2.274(7) 
C(117)–O(11) 1.096(4) C(118a)–Ta(1)–C(117)  84.9(2) 
Ta(1)–Cg(Cp) 2.0291(19) Ta(1)–Cg(Ar) 1.9546(15) 
Ta(1)–C(11) 2.351(4) Ta(1)–C(19) 2.284(4) 
Ta(1)–C(12) 2.417(4) Ta(1)–C(110) 2.413(3) 
Ta(1)–C(13) 2.399(4) Ta(1)–C(111) 2.476(3) 
Ta(1)–C(14) 2.322(4) Ta(1)–C(112) 2.394(3) 
Ta(1)–C(15) 2.323(4) Ta(1)–C(113) 2.511(3) 
C(15)–C(16)–C(19) 95.1(3) Ta(1)–C(114) 2.399(4) 
Cg(Cp)–Ta(1)–Cg(Ar) 128.77(6) αa 57.7(2) 
φCpa 16.3(2) φAra 21.1(2) 
τCpa 3.30(17) τAra 3.41(12) 
a see footnotes to Table 7.1. 
 
For 24-CO, the ν(CO) IR band at 2033 cm-1 lies at considerably higher frequency than in 
Cp2TaR(CO) (R = H, alkyl: 1880-1895 cm-1).33,37 Otto and Brintzinger prepared the 
cationic niobium complex [Cp2Nb(THF)(CO)]+ as its BF4- salt by protonation of 
Cp2NbH(CO) with HBF4.38 The initial product, [Cp2NbH2(CO)]+, rapidly eliminates H2 
leading to the observed niobium(III) product, which is characterised by a CO absorption 
band at 1940 cm-1 in the infrared spectrum. In contrast, the tantalum analogue 
[Cp2TaH2(CO)]+ does not eliminate H2 and ν(CO) occurs at 2112 cm -1, consistent with a 
Ta(V) formulation.39 The value found for 24-CO is thus intermediate between the two 
extremes (d0 and d2). Hocking and Hambley have performed a detailed analysis of 
transition metal CO complexes in the Cambridge Structural Database and showed that such 
compounds can be divided into three classes, which differ in the relative importance of σ-
donation and π-backdonation.40 Based on a comparison of their data40 and the structural 
parameters of the Ta-CO moiety in 24-CO, we conclude that σ- and ionic contributions to 
the bonding dominate in 24-CO and π-backdonation is of minor importance. The folding of 
the arene moiety of 11.3(3)º in 24-CO is slightly larger than the 8.6(5)º found for its base-
free precursor 24 (Table 7.4; see also Chapter 6), as a result of increased backdonation into 
the arene π*-system. This observation indicates increased d-electron density at the tantalum 
centre in 24-CO and corroborates the relative importance of the σ-donor character of the 
CO ligand. The reduced ability of the metal centre in 24-CO for π-backdonation to CO in 
comparison to low-valent group 5 metal carbonyl adducts reflects the acceptor properties of 
the η6-arene. Thus, the bonding of the arene moiety and the CO ligand in 24-CO is similar 
to that in the ansa-Cp-arene titanium dicarbonyl cation 5b (Chapter 4). 




7.2.2. Insertion of CO into the Ta-alkyl bond 
In general, for neutral analogues of 24-CO such as Cp’2MR(CO) (M = Nb, Ta), insertion 
of CO into the metal-carbon bond does not readily occur,41,42 although two neutral niobium 
acyl compounds were prepared by CO insertion in refluxing toluene.43 The half-sandwich 
tantalum complex Cp*TaMe4 reacts with CO to give the η2-acetone complex 
Cp*TaMe2(O=CMe2) via an unobservable acyl intermediate.44 In the absence of more than 
one metal-alkyl bond, as in Cp*TaCl3(CH2CMe3), clean insertion to give the acyl species 
Cp*TaCl3(COCH2CMe3) occurs.45 Similarly, for the imido complex Cp*Ta(NR)Me2 the 
initial acyl product could be characterised, but subsequent reactivity prevented its isolation 
in pure form.46 Although 24-CO is stable at room temperature in C6D5Br solution for 
several days, gentle warming at 50 ºC overnight results in decomposition to an unknown 
paramagnetic compound. In contrast, the same reaction in the presence of excess CO results 
in full conversion of the starting material to a new diamagnetic product, as seen by 1H 
NMR spectroscopy. The NMR spectroscopic features of the resulting orange solution are 
consistent with insertion of CO into the Ta-Pr bond. Specifically, the appearance of a 1H 
NMR triplet at δ 3.26 ppm (JHH = 7.1 Hz, 2H) that is coupled in the HMBC spectrum to a 
13C resonance at δ 299.8 ppm is indicative of an η2-acyl moiety.47 The number of 
resonances in the 1H NMR spectrum indicates a Cs symmetric complex. The salient feature 
of the NMR spectrum is the presence of aromatic resonances at δ 6.80 (2H) and 6.74 (1H) 
that indicate the release of the pendant arene moiety from the metal centre. Upon removal 
of the CO atmosphere a paramagnetic product is obtained, but readdition of CO regenerates 
the original diamagnetic species. The infrared spectrum of the paramagnetic material (as a 
film on KBr plates) shows two bands at 2069 and 2008 cm-1 that are attributed to CO 
absorption frequencies, suggesting the presence of (at least) two molecules of CO. We were 
unable to locate the corresponding band for the acyl moiety in the range where these 
normally occur (1450-1625 cm-1),47 but it may be obscured by the strong C-C vibrations of 
the B(C6F5)4 anion. Although we do not have solution IR data of the diamagnetic product, 
on the basis on these spectroscopic observations we tentatively formulate the initial product 
as {[Ar-CMe2-η5-C5H4]Ta(COPr)(CO)3}[B(C6F5)4] (31, Scheme 7.6), which readily looses 
a molecule of CO in vacuo.  
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Small-scale preparations in an NMR tube led to material of > 90% purity (as judged by 
NMR spectroscopy), but attempts to synthesise 31 on a larger scale led to material of 
inferior purity (contaminated with ca. 40% of the bromide carbonyl adduct {[η6-Ar-CMe2-
η5-C5H4]TaBr(CO)}[B(C6F5)4], identified by NMR spectroscopy). The reason for this is not 
entirely clear, but it may be that a large excess of CO in solution is required to trap an 
intermediate in the formation of 31.  
The ability of 24 to insert CO into the Ta-alkyl bond opens the possibility of performing 
hydroformylation reactions with these tantalum complexes, a reaction that is normally 
catalysed by late transition metals, such as cobalt or rhodium. Attempted hydroformylation 
of 1-octene (20 equiv, 1 bar of a 1:1 H2/CO mixture) on NMR tube scale using 24 as a 
catalyst, however, did not lead to turnover after standing overnight at 40 ºC. Heating this 
mixture to 80 ºC for 90 min results in full conversion of the 1-octene, but no 
hydroformylation products are observed by 1H NMR spectroscopy. Conversely, 
pressurising a C6D5Br solution of 31 (generated in situ in an NMR tube) with ca. 4 bar of 
H2 does not lead to the formation of aldehyde products. Instead, a new tantalum species 
with a triplet resonance at δ 3.69 ppm (J = 6.7 Hz) in the 1H NMR spectrum is observed. 
These preliminary data do not allow us to draw a definite conclusion regarding the structure 
of this compound, but it could be an alkoxide species. Nevertheless, the observation that a 
tantalum acyl compound reacts with H2 is of interest and deserves further study. 
 
7.3. OXIDATIVE ADDITION OF DIPHENYL DISULFIDE 
Oxidative addition / reductive elimination sequences are of major importance for many 
bond-forming reactions catalysed by late-transition metal catalysts.48 For example, cross-
coupling reactions that rely on such a mechanistic scenario have become one of the most 
convenient methods for constructing C-C bonds.49 The first step usually involves oxidative 
addition of aryl halides to late transition metal centres.50 In spite of the Ta(V) character of 
24 due to (partial) reduction of the arene moiety, the release of the C6 ring leading to the 
Ta(III) species 31 shows that the arene reduction is reversible under mild conditions. We 
therefore set out to investigate whether oxidative addition to 24 would be feasible. Reaction 
of 24 with PhSSPh at room temperature immediately gives the cationic dithiolate alkyl 
complex {[Ar-CMe2-η5-C5H4]TaPr(SPh)2}[B(C6F5)4] (32, Scheme 7.7). Liberation of the 
pendant arene moiety from the metal centre in 32 is seen from the shift of its 1H NMR 
signals back into the aromatic region (δ 7.3-6.9 ppm). On a preparative scale, 32 is isolated 
as a dark orange oil upon addition of pentane to the bromobenzene solution. Trituration of 
the oil with pentane and subsequent drying in vacuo afforded 32 as an analytically pure 
orange solid in 67% yield. Oxidative addition of disulfides to titanocene(II) compounds is 
known to provide the corresponding titanocene dithiolates in good yields.51-53 Analogous 
reactions for group 5 metals are less common.54-56   
Oxidative addition of diphenyl disulphide is both thermodynamically very favourable 
and synthetically not very useful. Therefore, we have been looking for oxidative addition 




reactions using substrates that are more interesting from a synthetic point of view. We 
already know that the aryl halide PhBr does not add to 24, but rather gives the insoluble 
dicationic dimer {[η6-Ar-CMe2-η5-C5H4]Ta(µ-Br)}2[B(C6F5)4]2 (21, see Chapter 6) after 
prolonged reaction times. In addition, we attempted the oxidative addition of MeI to 24. 
Unfortunately, 24 is not reactive towards MeI at ambient temperature, and heating results in 
decomposition to unknown species.* Nevertheless, the oxidative addition of PhSSPh to 24 
shows that, despite the considerable Ta(V)/dienediyl (B) character of 24, it can display 
reactivity corresponding to a Ta(III) compound (A).  
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Scheme 7.7. Oxidative addition of diphenyl disulfide to 24, corresponding to reactivity of 
resonance structure A. 
 
7.4. REACTION WITH TETRABUTYLAMMONIUM BROMIDE 
All the compounds that feature ansa-Cp-arene coordination reported thus far in this 
thesis have a positively charged metal centre. It was therefore of interest to see whether 
neutral analogues are accessible, and investigate in which ways the arene coordination is 
affected by the charge at the metal centre. Treatment of a bromobenzene solution of 24 with 
1 equivalent of the bromide source [Bu4N][Br] cleanly affords the neutral bromide species 
[η6-Ar-CMe2-η5-C5H4]Ta(Pr)Br (33, Scheme 7.8). The co-product [Bu4N][B(C6F5)4] may 
be separated from 33 by precipitation with pentane in 86% isolated yield, and its identity 
was confirmed by 1H and 19F NMR spectroscopy. The compound 33 is obtained as a 
brown/green powder in 83% yield from the filtrate by removal of the volatiles. Its NMR 
spectroscopic features are indicative of a Cs symmetric compound in which the arene 
moiety is coordinated to the metal centre (1H NMR resonances for ArH between δ 4.4 and 
3.2 ppm). The absence of 19F NMR resonances due to the B(C6F5)4 anion in 33 is consistent 
with the proposed neutral formulation. Dark-brown cubic crystals of 33 are obtained by 
crystallisation from toluene, the structure of which is shown in Figure 7.4 (pertinent 
interatomic distances and bond angles in Table 7.3). 
                                                          
* A silica-supported tantalum(III) hydride has been reported to react with MeI to give the 



















Scheme 7.8. Synthesis of the neutral ansa-Cp-arene tantalum complex 33. 
 
 
Figure 7.4. Molecular structure of 33 showing 50% probability ellipsoids. The hydrogen 
atoms are omitted for clarity. 
 
Table 7.3. Selected bond distances (Å) and angles (º) for 33. 
Ta–C(17) 2.294(5) Ta–Br 2.6506(5) 
Ta–Cg(Cp) 2.044(2) Ta–Cg(Ar) 1.961(2) 
Ta–C(1) 2.343(4) Ta–C(9) 2.275(5) 
Ta–C(2) 2.427(5) Ta–C(10) 2.400(5) 
Ta–C(3) 2.421(5) Ta–C(11) 2.473(5) 
Ta–C(4) 2.349(4) Ta–C(12) 2.366(5) 
Ta–C(5) 2.319(4) Ta–C(13) 2.526(6) 
C(5)–C(6)–C(9) 93.7(3) Ta–C(14) 2.460(5) 
Cg(Cp)–Ta–Cg(Ar) 127.79(9) αa 59.0(3) 
φCpa 14.2(3) φAra 20.6(3) 
τCpa 4.0(2) τAra 3.24(18) 
a see footnotes to Table 7.1. 




The crystal structure determination confirms the ansa-Cp-arene coordination in the 
neutral compound 33, and the overall structural features are very similar to the cations 24 
and 24-CO (see Chapter 6 and above). A closer inspection of the metrical parameters of the 
coordinated C6 ring reveals a similar extent of π-localisation, whereas the deviation from 
planarity is slightly larger compared to 24 and 24-CO (Table 7.4). The fold angle, however, 
is not as large as found for related early transition metal arene complexes in which the 
arene is not linked to the ligand system. For example, arene folding up to up to 34.4° has 
been observed for the Ta(III) complex (C6Me6)Ta(OAr)2Cl),57,58 whereas corresponding 
Ti(II) arene complexes have fold angles between 20-30º.59-62 This suggests that the strained 
ansa-Cp-arene coordination that is enforced by the short C1 bridge between the 
cyclopentadienyl and arene moieties prevents optimal overlap between the metal d- and 
arene π*-orbitals as seen before for titanium (Chapter 4). 
 
Table 7.4. C-C bond lengths (Å) within the coordinated C6 fragment and fold angle along 








a folding along the C(x9)-C(x12) vector. 
 
Preliminary reactivity studies indicate 33 to be a relatively stable compound, in 
agreement with its 18 valence electron count. Thus, 33 is unreactive towards H2, CO and 
PhSSPh at ambient temperature. Heating a C6D6 solution of 33 to 80 or 100 ºC in the 
presence of CO results in the disappearance of 33 (by NMR), but we were unable to 
identify the product (it is paramagnetic). Also, 33 is fully converted upon heating the 
PhSSPh-containing C6D6 solution to 80 ºC for 2 hours. Analysis of the reaction mixture by 
1H NMR spectroscopy shows the formation of a small amount of propylene. Based on the 
intensity of the signals in the NMR spectrum, most tantalum containing product(s) are 
 24 
(x = 1) 
24-CO 
(x = 1) 
30-THF 
(x = 1) 
33 
(x = none) 
C(x9)–C(x10) 1.450(10) 1.428(5) 1.440(7) 1.441(6) 
C(x10)–C(x11) 1.390(10) 1.388(5) 1.391(6) 1.392(6) 
C(x11)–C(x12) 1.426(9) 1.442(4) 1.428(6) 1.427(6) 
C(x12)–C(x13) 1.447(11) 1.417(5) 1.431(7) 1.441(7) 
C(x13)–C(x14) 1.378(10) 1.399(5) 1.389(8) 1.374(6) 
C(x14)–C(x9) 1.431(9) 1.440(4) 1.447(6) 1.440(6) 











again paramagnetic. The (minor) diamagnetic product that is observed has Cs symmetry, 
and no resonances for a coordinated arene ring are observed, suggesting that oxidative 
addition of PhSSPh has occurred with liberation of the pendant arene moiety, similar as 
found for 32. Although this represents only a minor fraction of the product mixture (based 
on 1H NMR integration), other products are paramagnetic and we have not been able to 
elucidate their structure.  
 
7.5. CONCLUSIONS 
The results presented in this chapter provide evidence that despite the partial reduction of 
the arene moiety and resulting high-valent character of these compounds, the arene 
reduction is reversible and reactivity that can be related to Ta(III) character takes place. 
These ansa-Cp-arene tantalum cations thus show ambivalent [Ta(III)↔Ta(V)] behaviour. 
In contrast to most tantalum complexes in the literature, migratory insertion reactions into 
the Ta-H bond have been observed, and as a consequence, catalytic hydrogenation of 
olefins is possible. Hydride abstraction by trityl cation cleanly affords the tantalum dication 
[η6-Ar-CMe2-η5-C5H4]Ta2+, which was isolated as its THF-adduct. A neutral analogue with 
ansa-Cp-arene ligand was also obtained. The crystallographic characterisation of ansa-Cp-
arene coordinated tantalum complexes with formal charges ranging from 0 to +2 shows that 
the strategy of stabilising early transition metal complexes in low oxidation states by 
intramolecular arene coordination is generally applicable and does not critically depend on 
the charge at the metal centre. The relative ease of modification of the Cp-arene ligand 
framework should allow a careful choice of the donor and acceptor properties of the 
pendant arene moiety. The use of an intramolecularly coordinating arene group thus holds 
promise as a general strategy to add stability to low and intermediate valencies of early 















7.6. EXPERIMENTAL SECTION 
General Considerations. For experimental details, see the Experimental Section in 
previous chapters. In addition: propylene (LBX, Praxair), PhSSPh (Fluka), 2,6-
dimethylphenyl isocyanide (XyNC, Fluka) and [Bu4N][Br] (Fluka) were used as received. 
1-Hexene (Aldrich), cyclopentene (Aldrich) and styrene (Aldrich) were vacuum-transferred 
from LiAlH4.  
NMR scale reaction of 25 with propylene. A solution of 25 (ca. 5 mg) in C6D5Br was 
prepared in an NMR tube as described in Chapter 6. After removal of excess H2, the tube 
was pressurised with 1 bar of propylene at RT. A 1H NMR spectrum taken ca. 10 min after 
mixing showed a mixture of 25 and 24 in approx. 1:1 ratio (no intermediates were 
observed). Within 1 hour, 24 was the only observable product by 1H NMR. 
Catalytic hydrogenation of 1-hexene using 25. An NMR tube (equipped with a Teflon 
Young valve) containing a solution of 24 (3.0 mg, 2.4 µmol) in 0.4 mL of C6D5Br and 20 
equivalents of 1-hexene, was attached to a high-vacuum line. The tube was frozen in liquid 
N2 and degassed, after which H2 was admitted. After closing the valve, the tube was 
brought to ambient temperature and the reaction was monitored by 1H NMR. Gradual 
formation of n-hexane was observed (~70% conversion in 16 hours). The reaction goes to 
full conversion, and n-hexane was the only product observed. 
NMR scale synthesis of {[η6-Ar-CMe2-η5-C5H4]Ta(C5H9)}[B(C6F5)4] (27). A solution of 
25 (ca. 8.7 µmol) in C6D5Br was prepared as described in Chapter 6, and degassed on a 
vacuum-line by three freeze-pump-thaw cycles. Subsequently, ca. 1.1 equiv of 
cyclopentene was condensed into the tube using a calibrated gas bulb (9.4 mL, ~ 20 mmHg) 
and the reaction was monitored by 1H NMR spectroscopy. Full conversion was achieved in 
5 hours, and NMR spectroscopy was consistent with the formation of 27. Layering the 
C6D5Br solution with cyclohexane afforded a small amount of dark green crystals, and X-
ray analysis confirmed the proposed formulation. 1H NMR (500 MHz, C6D5Br, -30 °C) δ 
4.52 (s, 1H), 4.44 (s, 1H), 4.25 (s, 1H), 4.21 (s, 1H), 4.18 (s, 1H), 4.12 (s, 1H), 2.03 (s, 1H), 
1.81 (s, 3H, ArMe), 1.65 (s, 3H, ArMe), 0.52 (s, 3H, CMe2), 0.40 (s, 3H, CMe2), -0.69 (br, 
1H, β-CHH’), -7.04 (br, 1H, β-CHH’), broad overlapped signals between 1.9 and 1.0 ppm 
due to C5H9.  
NMR scale synthesis of {[η6-Ar-CMe2-η5-C5H4]Ta(CH2CH2CH2CHMe2)}[B(C6F5)4] 
(28). A solution of 25 (ca. 3.6 µmol) in C6D5Br was prepared as described in Chapter 6, and 
degassed on a vacuum-line by three freeze-pump-thaw cycles. Subsequently, ca. 10 equiv 
of 2-methyl-2-pentene was condensed into the tube using a calibrated gas bulb (9.4 mL, ~ 
70 mmHg) and the reaction was monitored by 1H NMR spectroscopy. NMR spectroscopy 
was consistent with the formation of 28. 1H NMR (500 MHz, C6D5Br, -30 °C) δ 4.52 (s, 
2H, Cp + Ar o-H), 4.51 (s, 1H, Cp), 4.32 (s, 1H, Cp), 4.24 (s, 1H, Ar o-H), 4.18 (s, 1H, 
Cp), 2.14 (s, 1H, Ar pH), 1.83 (s, 3H, ArMe), 1.75 (s, 3H, ArMe), 1.37 (m, 1H, 
TaCH2CH2CH2CHMe2), 1.25 (m, 1H, TaCH2CH2CHH’CHMe2), 0.78 (d, J = 6.7, 3H, 





TaCHH’CH2CH2CHMe2), 0.56 (s, 3H, CMe2), 0.52 (m, 1H, TaCH2CH2CHH’CHMe2), 0.41 
(s, 3H, CMe2), -0.46 (m, 1H, TaCHH’CH2CH2CHMe2), -1.3 (br, 1H, 
TaCH2CHH’CH2CHMe2), -6.6 (br, 1H, TaCH2CHH’CH2CHMe2). 13C NMR* (125.7 MHz, 
C6D5Br, -30 ºC) δ 127.7 (s, Ar m-C), 128.2 (s, Ar m-C), 103.5 (d, J ≈ 185, Cp CH), 100.6 
(d, J ≈ 180, Cp CH), 96.9 (d, J ≈ 176, Ar o-CH), 93.9 (d, J ≈ 178, Ar p-CH), 93.6 (d, J ≈ 
174, Ar o-CH), 72.8 (d, J ≈ 184, Cp CH), 72.3 (s, Cp ipso-C), 71.4 (d, J ≈ 188, Cp CH), 
60.4 (s, Ar ipso-C), 40.2 (t, J ≈ 129, TaCH2CH2CH2CHMe2), 36.2 (s, CMe2), 29.6 (d, J ≈ 
123, TaCH2CH2CH2CHMe2), 22.2, 22.0 (q, J ≈ 124, TaCH2CH2CH2CHMe2), 21.1, 20.7 (q, 
J ≈ 129, ArMe), 20.3, 19.9 (q, J ≈ 127, CMe2), 9.7 (t, J ≈ 145, TaCH2CH2CH2CHMe2), 1.6 
(TaCH2CH2CH2CHMe2). 
* 13C chemical shifts and CH-coupling constants are determined from a modified HSQC 
experiment with JCH detection along the 13C axis. Line broadening in the 1H NMR spectrum 
due to the agostic interaction prevented detection of the corresponding 13C frequency in the 
HSQC spectrum, but this resonance was found in the 1D 13C{1H} NMR spectrum. 
{[η6-Ar-CMe2-η5-C5H4]TaCH(Me)Ph}[B(C6F5)4] (29). A solution of 24 (38.1 mg, 30.0 
µmol) in 1 mL of bromobenzene was degassed on a vacuum-line by three freeze-pump-
thaw cycles. The reaction vessel was pressurised with 1 bar of H2, and the mixture stirred at 
room temperature for 15 min. The excess H2 was pumped off. To the red solution was 
added 3.8 µL of styrene (33 µmol) by microsyringe and the mixture was allowed to react at 
-30 °C overnight. The product was precipitated by addition of pentane and the supernatant 
decanted. The yellow/brown product was washed with toluene and then pentane, and 
subsequently dried in vacuo to give 23.8 mg of brownish microcrystalline 29 (20.2 µmol, 
67%). 1H NMR (500 MHz, C6D5Br, 20 °C) δ 7.20 (t, 1H, J = 7.6, Ph), 7.15 (t, 1H, J = 7.6, 
Ph), 6.67 (t, 1H, J = 7.5, Ph), 6.62 (d, 1H, J = 8.3, Ph o-H), 4.55 (s, 1H, Ar o-H), 4.25 (s, 
1H, Ar o-H), 4.12 (s, 1H, Cp), 3.82 (s, 1H, Cp), 3.50 (s, 1H, Cp), 2.87 (s, 1H, Ar p-H), 2.39 
(br, 1H, Ph o-H), 2.04 (s, 3H, ArMe), 1.72 (s, 3H, ArMe), 1.63 (s, 1H, Cp), 1.51 (d, 3H, J = 
6.1, TaCH(Me)Ph, 0.58 (s, 3H, CMe2), 0.44 (s, 3H, CMe2), -0.22 (q, 1H, J = 6.1, 
TaCH(Me)Ph. 13C NMR (125.7 MHz, C6D5Br, 20 ºC) δ 143.8 (d, J = 163, Ph CH), 137.2 
(d, J = 161, Ph CH), 133.17 (s, Ar m-C), 133.15 (s, Ph ipso-C), ~126 (Ar m-C), 122.0 (d, 
overlapped, Ph CH), 121.9 (d, overlapped, Ph CH), 111.5 (d, J = 180, Cp CH), 107.3 (d, J = 
179, Cp CH), 98.1 (d, J = 172, Ar o-CH), 96.8 (d, J = 168, Ar p-CH), 88.2 (d, J = 174, Ar 
o-CH), 75.3 (d, J = 183, Cp CH), 73.7 (d, J = 145, Ph o-CH), 72.2 (s, Cp ipso-C), 70.3 (d, J 
= 184, Cp CH), 61.4 (s, Ar ipso-C), 41.1 (d, J = 135, TaCH(Me)Ph), 34.5 (s, CMe2), 20.9 
(q, J = 128, ArMe), 20.8 (q, J = 128, ArMe), 20.6 (q, J = 128, CMe2), 20.1 (q, J = 128, 
CMe2). Anal. Calcd for C48H28BF20Ta: C, 49.00; H, 2.40. Found: C, 48.78; H, 2.34. 
NMR scale synthesis of {[η6-Ar-CMe2-η5-C5H4]Ta(C6D5Br)x}[B(C6F5)4]2 (30). An NMR 
tube containing a solution of 24 (3.0 mg, 2.4 µmol) in 0.4 mL C6D5Br was degassed on a 
vacuum line by three freeze-pump-thaw cycles. The tube was frozen in liquid N2 and 
backfilled with 1 bar of H2, after which the tube was closed. After warming to room 
temperature, the resulting red solution was analysed by 1H NMR, showing full conversion 
to 25. Excess H2 was pumped off, and [Ph3C][B(C6F5)4] (2.2 mg, 2.4 µmol) was added in 
the glovebox. The reaction is complete after ca. 1 hour, and NMR spectroscopy is 




consistent with formation of Ph3CH and 30. 1H NMR (300 MHz, C6D5Br, 20 °C) δ 7.15-
6.95 (Ph3CH), 5.64 (s, 2H, Cp), 5.40 (Ph3CH), 5.26 (s, 1H, Ar p-H), 4.86 (s, 2H, Ar o-H), 
4.66 (s, 2H, Cp), 2.02 (s, 6H, ArMe), 0.50 (s, 6H, CMe2).  
{[η6-Ar-CMe2-η5-C5H4]Ta(THF-d8)2}[B(C6F5)4]2 (30-THF). An NMR tube containing a 
solution of 24 (23.0 mg, 0.0181 mmol) in 0.4 mL C6D5Br was degassed on a vacuum line 
by three freeze-pump-thaw cycles. The tube was frozen in liquid N2 and backfilled with 1 
bar of H2, after which the tube was closed. After warming to room temperature, the 
resulting red solution was analysed by 1H NMR, showing full conversion to 25. Excess H2 
was pumped off, and [Ph3C][B(C6F5)4] (16.7 mg, 0.0181 mmol) was added in the glovebox. 
A viscous dark oil precipitates in the course of 1 hour, which is subsequently dissolved by 
addition of ca. 0.2 mL of THF-d8. NMR spectroscopy is consistent with formation of 
Ph3CH and 30-THF. 1H NMR (500 MHz, C6D5Br/THF-d8, 20 °C) δ 7.10 (t, 6H, J = 7.5, 
Ph3CH m-H), 7.04 (t, 3H, J = 7.3, Ph3CH p-H), 6.99 (d, 6H, J = 7.4, Ph3CH o-H), 6.24 (2H, 
Cp), 5.40 (s, 1H, Ph3CH), 5.32 (s, 1H, Ar p-H), 5.17 (s, 2H, Cp), 4.92 (s, 2H, Ar o-H), 1.99 
(s, 6H, ArMe), 0.65 (s, 6H, CMe2). 13C NMR (125.7 MHz, C6D5Br/THF-d8, 20 ºC) δ 144.1 
(s, Ph3CH ipso-C), 140.9 (s, Ar m-C), 129.6 (d, J =160, Ph3CH CH), 128.4 (d, J = 159, 
Ph3CH CH), 126.4 (d, J = 159, Ph3CH CH), 118.8 (d, J = 180, Cp CH), 102.9 (d, J = 173, 
Ar p-CH), 98.4 (d, J = 179, Ar o-CH), 94.5 (s, Cp ipso-C), 88.9 (s, Ar ipso-C), 78.9 (d, J = 
185, Cp CH), 57.1 (d, J = 127, Ph3CH), 33.2 (s, CMe2), 22.1 (q, J = 130, ArMe), 20.2 (q, J 
= 128, CMe2).  
Diffusion of cyclohexane into the C6D5Br/THF-d8 solution precipitated a dark oil from 
which the supernatant was decanted. Repeated trituration of the oil with pentane gave 30-
THF as sticky solid material (34.2 mg, 0.0181 mmol, 99%). Anal. Calcd for 
C72H35B2F40O2Ta: C, 45.65; H, 1.86. Found: C, 46.33 H, 2.25. A small amount of the solid 
material was dissolved in THF and pentane was layered on top of the solution. A dark oil 
precipitated, which slowly solidified in the course of several days to give dark blue needles 
of 30-THF.  
NMR scale synthesis of {[Ar-CH2CMe2-η5-C5H4]TaPr(THF-d8)}[B(C6F5)4] (24-THF-
d8). In the glovebox,  a drop of THF-d8 was added to a solution of 24 (2.3 mg) in 0.4 mL of 
C6D5Br. NMR analysis showed quantitative conversion to 24-THF-d8. 1H NMR (500 MHz, 
C6D5Br, 25 ºC) δ 5.38 (s, 1H, Cp), 4.93 (s, 1H, Cp), 4.66 (s, 1H, Ar o-H), 4.64 (s, 1H, Cp), 
3.72 (s, 1H, Cp), 3.60 (s, 1H, Ar p-H), 3.51 (s, 1H, Ar o-H), 1.61 (s, 3H, ArMe), 1.49 (s, 
3H, ArMe), 1.14 (m, 1H, TaCH2CHH’Me), 0.89 (t, J = 7.2, 3H, TaCH2CH2Me), 0.73 (s, 
3H, CMe2), 0.56 (m, 1H, TaCH2CHH’Me), 0.32 (s, 3H, CMe2), -0.04 (dt, J = 12.2, J = 4.9, 
1H, TaCHH’CH2Me), -0.34 (t, J = 12.2, 1H, TaCHH’CH2Me). 13C NMR (approx. values 
taken from a HSQC spectrum; only CH resonances, C6D5Br, 25 ºC) δ 114 (Cp), 109 (Cp), 
101 (Ar o-CH), 95 (Ar p-CH), 92 (Ar o-CH), 75 (Cp), 74 (Cp), 30 (TaCH2CH2Me), 23 
(TaCH2CH2Me), 22 (CMe2), 21 (CMe2), 21 (ArMe), 20 (ArMe), 14 (TaCH2CH2Me). 
NMR scale synthesis of {[Ar-CH2CMe2-η5-C5H4]TaPr(XyNC)}[B(C6F5)4] (24-XyNC). 
To a solution of 24 (5.7 mg) in 0.4 mL of C6D5Br was added 1.1 equiv of XyNC (0.7 mg). 
NMR analysis showed quantitative conversion to 24-XyNC. 1H NMR (500 MHz, C6D5Br, 





1H, Cp), 4.42 (s, 1H, Ar o-H), 4.35 (s, 1H, Cp), 4.31 (s, 1H, Ar o-H), 4.14 (s, 1H, Cp), 3.89 
(s, 1H, Ar p-H), 2.11 (s, 6H, XyNC), 1.88 (s, 3H, ArMe), 1.64 (s, 3H, ArMe), 1.10 (m, 1H, 
TaCH2CHH’Me), 0.89 (t, J = 7.1, 3H, TaCH2CH2Me), 0.66 (s, 3H, CMe2), 0.65 (2, 3H, 
CMe2), 0.42 (dt, J = 12.4, J = 4.3, 1H, TaCHH’CH2Me), -0.14 (t, J = 12.4, 1H, 
TaCHH’CH2Me). 13C NMR (taken from HSQC/HMBC spectrum, C6D5Br, 25 ºC) δ 135 
(XyNC), 135 (Ar m-C), 130 (Ar m-C), 129 (XyNC), 125 (XyNC), 109 (Cp), 101 (Cp), 98 
(Ar o-CH), 94 (Ar o-CH), 91 (Ar p-CH), 77 (Cp ipso), 76 (Cp), 70 (Cp), 63 (Ar ipso), 36 
(CMe2), 31 (TaCH2CH2Me), 23 (TaCH2CH2Me), 21 (ArMe), 21 (2 × CMe2), 20 (ArMe), 19 
(XyNC), 6 (TaCH2CH2Me). 
{[η6-Ar-CMe2-η5-C5H4]TaPr(CO)}[B(C6F5)4] (24-CO). A solution of 24 (23.0 mg, 18.1 
µmol) in 1 mL of C6H5Br was degassed, cooled to 0 ºC and subsequently pressurised with 1 
bar of CO. After stirring at 0 ºC for 1 hour, excess CO was removed and the red solution 
was stirred with 1.5 mL of hexane. A red oil precipitated, which solidified in the course of a 
couple of hours. The supernatant was decanted and the residue washed with pentane. 
Drying in vacuo gave 24-CO as a red powder in quantitative yield. 1H NMR (500 MHz, 
C6D5Br, 20 ºC) δ 4.88 (s, 1H, Cp), 4.66 (s, 1H, Ar o-H), 4.63 (s, 1H, Cp), 4.37 (s, 1H, Cp), 
4.26 (s, 1H, Ar o-H), 4.00 (s, 1H, Ar p-H), 3.73 (s, 1H, Cp), 2.00 (s, 3H, ArMe), 1.55 (s, 
3H, ArMe), 1.00 (m, 1H, TaCH2CHH’Me), 0.79 (ps t, 3H, J = 7.0, TaCH2CH2Me), 0.70 (s, 
3H, CMe2), 0.62 (m, 1H, TaCH2CHH’Me), 0.57 (s, 3H, CMe2), 0.02 (d ps t, 1H, 2J ≈ 3J = 
13.0, 3J’ = 3.9, TaCHH’CH2Me), -0.41 (ps t, 1H, 2J ≈ 3J = 13.0, 3J’ < 1, TaCHH’CH2Me). 
13C NMR (125.7 MHz, C6D5Br, 20 ºC) δ 211.2 (s, CO), 136.0 (s, Ar m-C), 132.9 (s, Ar m-
C), 111.2 (d, J = 184, Cp CH), 96.62 (d, J ≈ 175, Ar o-CH), 96.56 (d, J ≈ 175, Ar o-CH), 
96.1 (d, J = 180, Cp CH), 92.6 (d, J = 177, Ar p-CH), 79.7 (d, J = 183, Cp CH), 75.1 (s, Cp 
ipso-C), 70.0 (d, J = 184, Cp CH), 66.8 (s, Ar ipso-C), 36.3 (s, CMe2), 32.9 (t, J = 123, 
TaCH2CH2Me), 22.9 (q, J = 123, TaCH2CH2Me), 20.7 (q, J ≈ 130, ArMe), 20.1 (q, J ≈ 127, 
CMe2), 20.0 (q, J ≈ 127, CMe2), 19.8 (q, J ≈ 130, ArMe), 4.8 (t, J = 121, TaCH2CH2Me). IR 
(film from C6D5Br): 2033 (CO). Anal. Calcd for C44H26BF20OTa: C, 46.26; H, 2.28; Ta, 
15.84. Found: C, 46.08 ; H, 2.32; Ta, 15.71.  
NMR scale thermolysis of 24-CO to give the CO insertion product {[Ar-CMe2-η5-
C5H4]Ta(C(O)Pr)(CO)3}[B(C6F5)4] (31). A solution of 24 (ca 2.5 mg) in 0.4 mL of 
C6D5Br in an NMR tube was evacuated on the vacuum-line and pressurised with 1 bar of 
CO. The NMR tube was heated at 50 ºC for 24 hours, and the resulting orange solution 
analysed by 1H NMR spectroscopy to be 31 in ca. 90% purity. Attempted larger scale 
preparation (20 mg in an NMR tube) led to a mixture of compounds, including 31. A 
combination of 2D correlation experiments allowed 1H and 13C NMR resonances for 31 to 
be established. 1H NMR (400 MHz, C6D5Br, 25 ºC) δ 6.80 (s, 2H, Ar o-H), 6.74 (s, 1H, Ar 
p-H), 5.07 (s, 2H, Cp), 4.89 (s, 2H, Cp), 3.26 (t, J = 7.1, 2H, TaC(O)CH2CH2Me), 2.21 (s, 
6H, ArMe), 1.47 (s, 6H, CMe2), 1.47 (m, 2H, TaC(O)CH2CH2Me), 0.73 (t, J = 7.3, 3H, 
TaC(O)CH2CH2Me). 13C NMR (125.7 MHz, C6D5Br, 25 ºC) δ 299.8 (s, TaC(O)Pr), 194.7 
(s, CO), 145.2 (s, Cp ipso-C), 138.6 (s, Ar m-C), 133.8 (s, Ar ipso-C), 129.9 (d, J = 158, Ar 
p-CH), 123.5 (d, J = 154, Ar o-CH), 94.5 (d, J = 180, Cp CH), 91.1 (d, J = 183, Cp CH), 
49.1 (t, J = 131, TaC(O)CH2CH2Me), 38.6 (CMe2), 30.8 (q, J = 123, CMe2), 21.6 (q, J = 




125, ArMe), 18.9 (t, J = 129, TaC(O)CH2CH2Me), 13.8 (q, J = 124, TaC(O)CH2CH2Me). 
IR (film from C6D5Br): 2069, 2008 (CO).  
{[Ar-CMe2-η5-C5H4]TaPr(SPh)2}[B(C6F5)4] (32). To a solution of 24 (34 mg, 27 µmol) in 
0.5 mL of C6D5Br at room temperature was added 7 mg of PhSSPh (ca. 1.2 eq). The 
mixture turned orange immediately and was analysed by NMR to be 32 in ~95% purity. 
Addition of 2 mL of pentane resulted in precipitation of a dark orange oil, from which the 
supernatant was decanted. The oil was washed with pentane (2 × 2 mL) and then dried in 
vacuo, giving 32 as a light orange foamy solid (24 mg, 67%). 1H NMR (500 MHz, C6D5Br, 
-25 ºC) δ 7.33-6.92 (m, 10H, SPh), 6.83 (s, 2H, Ar o-H), 6.73 (s, 1H, Ar p-H), 5.79 (s, 2H, 
Cp), 5.43 (s, 2H, Cp), 2.26 (s, 6H, ArMe), 1.93 (m, 2H, TaCH2CH2Me), 1.48 (s, 6H, 
CMe2), 0.96 (t, J = 6.9, 2H, TaCH2CH2Me), 0.70 (t, J = 6.4, 3H, TaCH2CH2Me). 13C NMR 
(125.7 MHz, C6D5Br, -25 ºC) δ 148.4 (s, Cp ipso-C), 144.1 (s, Ar ipso-C), 138.6 (s, Ar m-
C), 137.0 (d, overlapped, SPh), 133.1 (d, J = 165, SPh), 130 (overlapped, Ar p-CH), 128.5 
(s, SPh ipso-C), 127.1 (d, overlapped, SPh), 124.4 (d, J = 157, Ar o-CH), 112.6 (d, J = 183, 
Cp CH), 108.6 (d, J = 181, Cp CH), 86.1 (t, J = 124, TaCH2CH2Me), 39.8 (s, CMe2), 29.9 
(q, J = 129, CMe2), 29.1 (t, J = 123, TaCH2CH2Me), 21.8 (q, J = 126, ArMe), 20.0 (q, J = 
127, TaCH2CH2Me). Anal. Calcd for C55H36BF20S2Ta: C, 49.57; H, 2.72; S, 4.81. Found: C, 
48.56; H, 2.85; S, 4.63. 
[η6-Ar-CMe2-η5-C5H4]Ta(Pr)Br (33). Solid 24 (123.4 mg, 0.0971 mmol) and Bu4NBr 
(32.9 mg, 0.101 mmol) were mixed in the glovebox, and 2 mL of cold (-30 ºC) 
bromobenzene was added. While warming to room temperature, the mixture was shaken to 
dissolve all starting materials. The resulting yellow-brownish solution is allowed to react 
overnight at room temperature. Upon addition of 5 mL of pentane, a white precipitate is 
formed, from which the supernatant is decanted. The residue is washed with 10 mL of a 
toluene/pentane (1:1) mixture. The combined filtrate is evaporated to dryness, yielding 33 
as brown/green microcrystalline material (41.3 mg, 0.0802 mmol, 83%). 1H NMR (500 
MHz, C6D6, 25 ºC) δ 5.69 (s, 1H, Cp), 5.05 (s, 1H, Cp), 4.36 (s, 1H, Cp), 4.33 (s, 1H, Ar p-
H), 3.85 (s, 1H, Cp), 3.36 (s, 1H, Ar o-H), 3.27 (s, 1H, Ar o-H),  2.02 (s, 3H, ArMe), 1.52 
(s, 3H, ArMe), 1.41 (m, 1H, TaCH2CHH’Me), 1.40 (ps t, overlapped, 1H, 
TaCHH’CH2Me), 1.21 (t, J = 7.1, 3H, TaCH2CH2Me), 0.96 (m, 1H, TaCH2CHH’Me), 0.53 
(s, 3H, CMe2), 0.43 (ps t, J = 13.6, 1H, TaCHH’CH2Me), 0.20 (s, 3H, CMe2). 13C NMR 
(data taken from HSQC/HMBC experiments, C6D6, 25 ºC) δ 134.9, 129.9, 115.3 (Cp CH), 
106.7 (Cp CH), 100.8 (Ar o-CH), 95.4 (Ar p-CH), 85.6 (Ar o-CH), 78.2 (Cp ipso-C), 72.8 
(Cp CH), 71.4 (Cp CH), 58.4 (Ar ipso-C), 33.4 (CMe2), 30.4 (TaCH2CH2Me), 23.8 
(TaCH2CH2Me), 22.3 (CMe2), 21.4 (ArMe), 21.3 (CMe2), 20.1 (ArMe), 15.1 
(TaCH2CH2Me). Anal. Calcd for C19H26BrTa: C, 44.29; H, 5.09. Found: C, 44.52; H, 5.12. 
NMR data for the B(C6F5)4 anion in 24-L and 27-32. 13C NMR (125.7 MHz, C6D5Br): δ 
148.7 (d, JCF = 242, o-CF), 138.6 (d, JCF = 238, p-CF), 136.6 (d, JCF = 241, m-CF), 124.7 
(br, ipso-C). 19F NMR (470.3 MHz, C6D5Br): δ -131.9 (br d, o-F), -161.7 (t, J = 21, p-F), -





X-ray crystal structures. Suitable crystals of 27, 24-CO, 30-THF and 33 were mounted 
on top of a glass fibre in a drybox and transferred, using inert-atmosphere handling 
techniques, into the cold nitrogen stream of a Bruker SMART APEX CCD diffractometer. 
The final unit cell was obtained from the xyz centroids of 3430 (27), 5644 (24-CO), 7391 
(30-THF) and 7262 (33) reflections after integration. Intensity data were corrected for 
Lorentz and polarisation effects, scale variation, for decay and absorption: a multiscan 
absorption correction was applied, based on the intensities of symmetry-related reflections 
measured at different angular settings (SADABS).63 The structures were solved by Patterson 
methods and extension of the model was accomplished by direct methods applied to 
difference structure factors using the program DIRDIF.64 The hydrogen atoms were 
generated by geometrical considerations and constrained to idealised geometries and 
allowed to ride on their carrier atoms with an isotropic displacement parameter related to 
the equivalent displacement parameter of their carrier atoms. For 24-CO, refinement was 
frustrated by a substitutional disorder problem: some of the propyl ligand is substituted by a 
Br ligand. A substitutional disorder model was applied, the s.o.f of Br refined to a value of 
0.089(2). For 33, the polarity of the structure of the molecule actually chosen was 
determined by Flack's65-67 refinement (x = 0.016(14)). For 30-THF, refinement was 
frustrated by disorder in the position of C(124). A two-site occupancy model was applied to 
C(124), for which the displacement parameters were separately refined. The s.o.f. of the 
major fraction refined to a value of 0.55(4). All refinement and geometry calculations were 
performed with the program packages SHELXL68 and PLATON.69 Crystal data and details 
on data collection and refinement are presented in Table 7.5 and 7.6. 
 




Table 7.5. Crystallographic data for 27 and 24-CO. 
 27 24-CO 
chem formula [C21H28Ta]+ [C24BF20]- [C19.73H25.38Br0.09OTa]+ [C24BF20]- 
Mr 1140.44 1145.71 
cryst syst monoclinic monoclinic 
color, habit green, platelet red, block 
size (mm) 0.49 x 0.19 x 0.05 0.28 x 0.24 x 0.19 
space group P21/n P21/n 
a (Å) 10.801(5) 14.8967(8) 
b (Å) 14.004(7) 15.2744(8) 
c (Å) 26.883(14) 17.686(1) 
β (º) 97.749(8) 94.5624(9) 
V (Å3) 4029(3) 4011.5(4) 
Z 4 4 
ρcalc, g.cm-3 1.880 2.024 
µ(Mo Kα), cm-1 28.56 38.68 
F(000) 2224 2364 
temp (K) 100(1) 100(1) 
θ range (º) 2.59–23.57 2.67–29.21 
data collected (h,k,l) -12:11, -16:16, -31:31 -19:19, -19:19, -22:22 
min and max transm 0.2367, 0.8704 0.4466, 0.5699 
no. of rflns collected 25898 33050 
no. of indpndt reflns 6867 8828 
observed reflns Fo ≥ 4.0 σ (Fo) 3792 7297 
R(F) (%) 6.78 3.34 
wR(F2) (%) 17.32 8.20 
GooF 0.924 1.068 
weighting a,b 0.0756, 0.0 0.0442, 1.43 
params refined 608 619 






Table 7.6. Crystallographic data for 30-THF and 33. 
 30-THF 33 
chem formula [C24H35O2Ta]2+ 2[C24BF20]- C4H8O C19H26BrTa 
Mr 1966.68 515.27 
cryst syst monoclinic tetragonal 
color, habit blue, needle brown, block 
size (mm) 0.52 x 0.18 x 0.08 0.34 x 0.31 x 0.10 
space group P21/c P-421c 
a (Å) 20.626(3) 14.9723(4) 
b (Å) 14.384(2) – 
c (Å) 24.493(4) 15.2555(9) 
β (º) 104.323(2) – 
V (Å3) 7040.8(18) 3419.8(2) 
Z 4 8 
ρcalc, g.cm-3 1.855 2.002 
µ(Mo Kα), cm-1 17.2 87.57 
F(000) 3864 1984 
temp (K) 100(1) 100(1) 
θ range (º) 2.46–27.10 2.67–29.08 
data collected (h,k,l) -26:26, -18:18, -30:31 -19:19, -19:19, -20:20 
min and max transm 0.4189, 0.8715 0.0609, 0.4746 
no. of rflns collected 57573 30178 
no. of indpndt reflns 15316 4247 
observed reflns Fo ≥ 4.0 σ (Fo) 10542 3697 
R(F) (%) 4.71 3.07 
wR(F2) (%) 9.63 6.93 
GooF 0.963 1.042 
weighting a,b 0.0438, 0.0 0.0367, 0.0 
params refined 1113 195 
min, max resid dens -1.10, 1.49(13) -0.87, 3.44(18) 
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Organometaalverbindingen of -complexen zijn moleculen die bestaan uit een centraal 
metaalatoom dat is omgeven door één of meerdere ‘liganden’. Dergelijke complexen 
worden gebruikt als katalysator voor het maken van een grote verscheidenheid aan 
producten, variërend van plastics tot medicijnen. Het voordeel van processen die gebaseerd 
zijn op katalytische omzettingen is dat het gewenste product onder mildere omstandigheden 
(bijv. lagere temperatuur) en met grotere selectiviteit gemaakt kan worden, wat positief 
uitwerkt op zowel de kosten als het milieu. De liganden die in dergelijke 
organometaalcomplexen voorkomen kunnen zeer uiteenlopende structuren hebben, maar 
worden veelal zo gekozen dat ze het reactieve metaalcentrum op een dusdanige wijze 
afschermen dat ongewenste reacties verhinderd worden, terwijl de reactie die het juiste 
product oplevert wel verloopt. Naast deze zogenoemde ‘sterische hindering’ spelen de 
elektronische eigenschappen van het ligand een belangrijke rol. De structuur van het ligand 
en de wijze waarop dit aan het metaalcentrum bindt heeft dus grote invloed op de 
reactiviteit van dergelijke katalysatoren.  
In dit onderzoek is gekeken naar complexen van de vroege overgangsmetalen titaan (Ti) en 
tantaal (Ta). Titaancomplexen worden onder andere gebruikt als katalysator voor de 
polymerisatie van etheen en propeen. De resulterende polymeren polyetheen (PE) en 
polypropeen (PP) zijn plastics die niet meer weg te denken zijn uit het leven van alledag. In 
de afgelopen decennia is er veel bekend geworden over de manier waarop deze 
polymerisatiereactie verloopt en hoe de structuur van de katalysator van invloed is op de 
uiteindelijke structuur (ketenlengte, hoeveelheid vertakkingen) en daarmee ook de 
eigenschappen (smeltpunt, buigzaamheid) van het plastic. Hoewel kleine veranderingen in 
het ligand aanzienlijk verschillende producteigenschappen tot gevolg kunnen hebben, 
katalyseert het merendeel van de kationische organotitaanverbinding de polymerisatie van 
etheen tot PE. Een ligand dat veel wordt toegepast in dit type chemie is het 
cyclopentadienyl anion (Cp; C5H5) en modificaties hiervan (C5RnH5-n; R = substituent). 
Complexen met twee van deze (al dan niet gesubstitueerde) cyclopentadienyl liganden, 
bijvoorbeeld [Cp2TiMe]+, vormen een bijzonder actieve klasse van 















Indien slechts één cyclopentadienyl ligand wordt gebruikt, zoals in [CpTiMe2]+, is het 
metaalcentrum minder goed afgeschermd en meer elektrondeficiënt, en is het te verwachten 
dat het systeem aanzienlijk reactiever is. Ook deze complexen katalyseren de polymerisatie 
van etheen, tenzij het cyclopentadienyl ligand via een bruggende groep een areen 
substituent (Ar, C6RnH6-n) bevat. In dat geval functioneert het systeem als een bijzonder 


















Schema 2. Polymerisatie vs. trimerisatie van etheen door monocyclopentadienyl titaan 
complexen. 
 
De hoge selectiviteit voor 1-hexeen is te verklaren door te veronderstellen dat de 
trimerisatie reactie verloopt via een ongebruikelijk cyclisch mechanisme, waarbij het 
titaancentrum steeds schakelt tussen twee oxidatietoestanden (Schema 3). Het feit dat dit 
alleen gebeurt in aanwezigheid van een areen groep aan het cyclopentadienyl ligand 
suggereert dat een extra interactie tussen de areen en het titaancentrum verantwoordelijk is 












Schema 3. Katalytische cyclus voor etheen trimerisatie door titaan complexen met een 





Het onderzoek dat is beschreven in dit proefschrift is erop gericht meer te weten te komen 
over de aard van de metaal-areen interactie in dit systeem, en op welke manier dit in staat is 
om zo’n drastische verandering in reactiviteit teweeg te brengen.  
In hoofdstuk 2 worden de structuren van verschillende kationische 
mono(cyclopentadienyl-areen) titaan complexen beschreven zoals die zijn bepaald met X-
ray diffractie. Uit deze data blijkt dat de areen groep inderdaad een interactie aangaat met 
het metaalcentrum, wat resulteert in zogenaamde ansa-cyclopentadienyl-areen coördinatie 
(ansa = hengsel; brug tussen twee fragmenten). De karakterisering van een serie van 
verbindingen die sterk lijkt op de titaan(IV) intermediairen in de voorgestelde katalytische 
cyclus voor etheen trimerisatie (Schema 3) maakt aannemelijk dat de metaal-areen 
interactie inderdaad verantwoordelijk is voor het ongebruikelijke katalytische gedrag. Uit 
de data blijkt tevens dat de precieze structuur van het cyclopentadienyl-areen ligand, en met 
name de lengte van de brug die het cyclopentadienyl- en areenfragment met elkaar verbindt 
(C1 of C2), een grote invloed heeft op de coördinatiegeometrie (Figuur 1). 
 
              
Figuur 1. Zijaanzicht van de structuren van de ansa-cyclopentadienyl-areen titaan kationen 
[Ar-CMe2-Cp]TiMe2+ (C1 brug) en [Ar-CH2CMe2-Cp]TiMe2+ (C2 brug) met enkele 
bindingshoeken. 
 
In hoofdstuk 3 is met behulp van NMR spectroscopie gekeken naar het dynamische 
(hemilabiele) gedrag van ansa-cyclopentadienyl-areen titaan verbindingen, waaruit een 
maat voor de sterkte van de metaal-areen interactie is te halen. Het blijkt dat kleine variaties 
in ligandstructuur grote veranderingen in bindingssterkte tot gevolg hebben. Dit heeft 
belangrijke implicaties voor de katalytische trimerisatie van etheen. Aan de ene kant geeft 
een zwakke interactie tussen het metaalcentrum en de areen groep aanleiding tot snelle 
decompositie van de katalysator (lage productiviteit), terwijl een te sterke coördinatie alle 
reactiviteit verhindert (geen productiviteit). Er is een duidelijk optimum voor verbindingen 
met een C1 brug en een elektronrijke areen groep.  
Hoofdstuk 4 gaat in op een ander aspect dat van belang is voor de ongebruikelijke katalyse 
met deze complexen: de aanwezigheid van intermediairen in de relatief ongebruikelijke 








areen titaan(II) complex (met twee carbonyl liganden) laat zien op welke manier de ansa-
cyclopentadienyl-areen coördinatie bijdraagt aan de stabiliteit van complexen met deze 
oxidatietoestand. Het blijkt dat de areen groep functioneert als een elektronen-acceptor 
waardoor het metaalcentrum min of meer in de titaan(IV) toestand blijft. Dat dit proces 
(reductie van de areen) reversibel is lijkt in belangrijke mate bepaald door het feit dat de 
overlap van de betrokken orbitals niet optimaal is, mede onder invloed van de ansa-
coördinatie.  
In hoofdstuk 5 wordt de synthese beschreven van cyclopentadienyl-areen complexen van 
het groep 5 metaal tantaal. Pogingen om de areen substituent aan het metaal te laten binden 
door kationische analogen te genereren waren niet succesvol, omdat het metaalcentrum in 
vergelijking tot de titaan kationen (hoofdstuk 2) minder elektrondeficiënt is. Reductie 
reacties met n-alkyl Grignard reagentia geven een onverwachte reactie met een CH-binding 
van de areen groep (cyclometalering).  
Hoofdstuk 6 laat zien hoe protonering van de cyclometalerings-producten uit hoofdstuk 5 
aanleiding geeft tot kationische verbindingen waarbij het cyclopentadienyl-areen ligand aan 
het metaal gebonden blijft, maar nu op een manier die vergelijkbaar is met de 
titaanverbindingen (ansa-coördinatie). Deze complexen zijn het resultaat van een 2 
elektronen reductie van het metaalcentrum (tantaal(V) → tantaal(III)). Ook hier zien we dat 
de areen groep zich als elektronen-acceptor gedraagt, wat bijdraagt aan de stabiliteit van 
deze ongebruikelijke verbindingen. 
 
 
Figuur 2. Structuren van tantaal complexen met een cyclopentadienyl-areen ligand: zonder 
metaal-areen interactie (links), cyclometalering van de areen (midden), en ansa-
cyclopentadienyl-areen coördinatie (rechts). 
 
In hoofdstuk 7, waarin de reactiviteit van ansa-cyclopentadienyl-areen tantaal complexen 
aan bod komt, blijkt duidelijk dat de aanwezigheid van een coördinerende areen groep leidt 
tot grote verschillen in reactiviteit in vergelijking tot bekende organometaalverbindingen 
van tantaal. We zien insertiereacties van zowel alkenen als CO, waarbij in het laatste geval 
de areen groep loslaat van het metaalcentrum. Ook de oxidatieve additie van 
difenyldisulfide (PhSSPh) resulteert in het loslaten van de areen. Hoewel structurele en 





geoxideerd tot tantaal(V)), blijkt uit deze reacties dat dit proces reversibel is. In andere 
woorden, deze verbindingen hebben een ambivalent [Ta(III)↔Ta(V)] karakter. De 
structuurbepaling van tantaalcomplexen met ansa-cyclopentadienyl-areen coördinatie met 
verschillende ladingen op het metaalcentrum (0, +1, +2) geeft aan dat dit type ansa-
coördinatie breed toepasbaar is. 
De resultaten beschreven in dit proefschrift laten zien dat ansa-cyclopentadienyl-areen 
liganden niet alleen als elektronen-donor maar ook als -acceptor kunnen fungeren, en 
daarmee reactieve organometaalverbindingen in verschillende oxidatietoestanden en met 
verschillende ladingen kunnen stabiliseren. Het schakelen tussen twee oxidatietoestanden 
(zoals Ti(IV) en Ti(II) in Schema 3) is een veel voorkomend fenomeen in reacties die 
gekatalyseerd worden door de dure (en in sommige gevallen giftige) edelmetalen en andere 
late overgangsmetalen (bijvoorbeeld palladium en rhodium). Het stabiliseren van vroege 
overgangsmetaalcomplexen in ongebruikelijke oxidatietoestanden met behulp van 
cyclopentadienyl-areen liganden zou kunnen leiden tot een alternatief voor het gebruik van 
deze metalen in katalytische omzettingen. De experimentele data in dit werk, aangevuld 
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constructieve sfeer op het lab is een niet te onderschatten onderdeel van succesvol 
onderzoek doen. Thanks to all the people that made life in and around the lab to such a 
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